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ABSTRACT
THE INFLUENCE OF INTER-DOMAIN INTERACTIONS ON
THE PHYSICAL PROPERTIES OF POLYURETHANES
SEPTEMBER 2001
XIAODONG WU, B.ENG., SHANGHAI JIAO TONG UNIVERSITY
M.S., BOWLING GREEN STATE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Shaw Ling Hsu
The phase separated structure of polyurethane foams is kinetically trapped due to
the vitrification of hard segment domains, which results in an interconnecting hard
domain morphology. This new morphological picture depicts the importance of the inter-
connectivity provided by both the small portions of the long hard segments and the
disordered regions that serve as an indirect bridge between hard domains. Deuterium
substitution has been used to specify different regions of the interconnecting phase-
separated structure in polyurethanes. Thin film samples were prepared isothermally
using foam formulations with different water contents to obtain very different degrees of
domain inter-connectivity. By analyzing the relative rate of substitution at different
relative humidity and temperature of the environment, it is possible to differentiate the
degree of phase-separation for various samples with different degrees of phase
separation. The infrared spectroscopic features, mainly amide vibrations, of various parts
of hard segments have been identified. The deuterium substitution rates measured
vii
revealed that the size and dispersion of hard-segment domains can vary significantly as a
function of reaction temperature and composition of reactants. It is also possible to
differentiate the interfacial region from the phase-separated domains.
Based upon the interconnecting hard domain morphology, infrared dichroic
studies further demonstrated the contribution of hard domains to reinforcement of
polyurethane materials. Plastic deformation within the hard domain was observed even
at small strain, giving a molecular insight to the stress-softening effect and energy
hysteresis associated with polyurethanes.
The viscoelastic properties of polyurethane studied by stress relaxation
experiments have again shown the importance of interconnectivity to the overall
mechanical properties of this material. A correlation between the exact water placement
and overall deterioration of physical properties has been established.
Lignin has been successfully incorporated as a reinforcing component to enhance
polyurethanes. It was not until the dispersion state of the lignin in polyol was improved
and both the processing conditions and catalyst package were optiinized that the modulus
and strength of the polyurethane material showed significant enhancement. It is found
that lignin most likely functions as the hard segments to achieve better interconnectivity
of the physical network of the hard domain morphology.
viii
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CHAPTER I
INTRODUCTION
1.1. Survey of Dissertation
Ever since the phase separated structure of polyurethane was proposed, ^'2
extensive researches have been carried out to understand the morphology and physical
properties of polyurethanes. 3-22 xhe numerous reactants, the rich chemistry and various
processing conditions generate a broad spectrum of applications for polyurethanes in
foams, adhesives, coatings, medical devices, etc. 23
The phase separation of the reactive processing of water-blown flexible slabstock
foam system has intrigued many scientists. 19,20,24-30 j\^q system starts as a liquid
state mixture - viscous polyol, water, and liquid isocyanate and a small amount of tin and
amine catalyst. In less than 5 minutes, the entire liquid system undergoes liquid-liquid
phase separation, eventually intercepted by the vitrification of the hard segment domain,
resulting in a solid foam.
In this thesis, polyurethane thin films and plaques were made under isothermal
conditions to obtain different morphologies. The interconnecting hard domain
morphology has been characterized using deuterium substitution and by the hard segment
length distribution. It is found that the degree of phase separation and the interfacial
region that interconnects the hard domains are crucial to the physical properties of the
1
material and the new morphological model by Yontz et. al. has been proved. Using
infrared dichroism, in addition to the orientation studies for different domains, the
volume change of the hard domain throughout the entire deformation process has been
evaluated. The observation points to the large energy hysteresis and stress-softenmg
effect associated with polyurethanes, even at low strains. The viscoelastic property of
polyurethane has also been studied by the stress relaxation experiments to explore the
water transport and plasticization mechanism. This investigation can further our
understanding of the hard domain reinforcement and the importance of the
interconnecting region to the overall physical properties. Based upon the new
morphological picture and reinforcing mechanism we proposed, lignin as an organic filler
has been successfully incorporated into the polyurethanes. Various issues to optimize the
process conditions are investigated, including the improvement of the dispersion state of
lignin into the polyol, and proper catalyst package for generating better phase separated
morphology and interconnectivity of the hard domain. It was found that both the
modulus and strength increased after lignin was properly incorporated into the
polyurethanes.
This thesis is divided into seven chapters. Chapter 1 introduces the origin of the
phase separation of polyurethane materials, the kinetically trapped phase separated
morphology and the basic polyurethane chemistry, followed by the research objectives.
Chapter 2 describes the detailed experimental procedures and processing conditions in
making the polyurethane thin films and plaques. The detailed characterization techniques
are also included. In Chapter 3, the deuterium substitution method has been presented to
investigate the interconnecting hard domain morphology. Based upon our understanding
of the new morphological model, the deformation behaviors of polyurethanes have been
examined in Chapter 4 using infrared dichroism, which provides the molecular insight
2
into the hard domain reinforcement. The viscoelastic property of polyurethane materials
under humid environment is of technological importance and it is the subject of Chapter
5. By combining the results given in the above three chapters, interconnecting hard
domain morphology was shown to be important for the enhancement of the properties of
polyurethane. In Chapter 6, lignin has been demonstrated as a reinforcing component to
strengthen polyurethane, which has potential application in foams and adhesives. The
miscibility of lignin with polyol, the optimized processing conditions, and the resulting
morphology and properties are discussed. The catalytic chemistry is emphasized.
Finally, a research summary and future work are addressed in Chapter 7.
1 .2. Interconnecting Hard Domain Morphology of Polyurethanes
1.2.1. Phase separation
Many block copolymers, including segmented polyurethanes, are known to
possess a phase separated morphological structure comprising thermodynamically
incompatible hard and soft segment domains. 1,5,6,13,14,31-33 degree of phase
separation is related to an interaction parameter originally introduced by Flory and
Huggins for polymer solutions. The thermodynamic is fundamental and the driving
force to the overall phase separation. It is dictated by the equation
Equation 1 . 1 AG,„ = AH^ - TAS„ > 0
3
where AG, is the free energy of mixing. For microphase separation, the following
equation will also be satisfied:
Equation 1.2. <0
where 0 is the volume fraction of one component. 35
Despite the tremendous investment in both theoretical and experimental studies,
8,10,16,18-20,25,33,36-39
it has been virtually impossible to relate the fundamentals of
chemical reaction to the phase separation behavior in polyurethanes and their mechanical
properties. For virtually more than thirty years, polyurethane phase separation is
generally beheved to be due to chemical immiscibility between hard and soft segments
and specific interactions between hard segments. in addition, the excluded volume of
the rigid segments is a crucial factor in the determination of the phase separation
structure. 13,14 gyg^ polyurethanes that do not hydrogen bond still phase separate. 41-
In most cases, the hard domain formation is not complete due to the rising viscosity
of the reacting system and the distribution of the hard segment lengths. There is a certain
amount of dispersed hard segments dissolved in the soft matrix. The phase mixing may
also involve a small amount of soft segments dissolved in the hard domain, which
increases the hard domain volume fraction. 32
The final morphology is critically controlled by the kinetic process and
temperature profile. The complexity of the polyurethane structure is strongly influenced
by both reactant composition and processing conditions. During the polymerization
process, the rising temperature profile can change the reaction kinetics dramatically.
4
24,29 The chemical crosslinking and phase separation are competing processes, wiiich
will determine the degree of phase mixing against the phase separation in the linal
morphology of the system. 44 if a kinetically trapped phase separated morphology
exists, ordered and disordered hard domains and dispersed hard segments must coexist.
In addition, the presence of an intcrfacial region is also a possibility. 45,46 However,
these two aspects of the structure have never been characterized fully.
A number of techniques have been used to characterize polyurethanc structures.
These include scattering, 6,17,47 spectroscopy, 3,40,48-52 exAFS, 53 thermal methods,
45,54 NMR^ 43,55 niechanical testing. 5,56 Deuterium substitution adds to the
structural information available, particularly regarding the dispersed phase and interfacial
regions, two structural aspects not well covered by the techniques listed above.
In-situ studies of structure development during the reactive processing of model
flexible polyurethane foam systems using FTIR spectroscopy and synchrotron SAXS has
been carried out by Ryan's group. '^"^O The polymerization began with a homogeneous
liquid mixture, and then went through a microphasc separation transition, where the
phase separation followed a spinodal decomposition mechanism. 57,58 \^^[^^^ stage,
the expanding foam raised in the modulus resulted from microphasc separation being
intercepted and arrested by vitrification of the hard segments. The important
conclusion from this study is that the vitrification of the hard segments freezes in the
morphology at the Berghmans point ^7 and results in the interconnecting physical
network of the hard segment domain morphology. ^^"^O The interconnecting hard
domain morphology can most likely account for the physical network formed by the hard
domain, which has been shown to enhance the physical properties of polyurethane
5
materials. 5,59-61 Based upon the percolation theory, above 16% volume fraction of the
hard domain can form interlocking morphology. 62 jhe volume fraction of these
systems is well above this value and it is possible that interconnecting hard domain
morphology exists in these structures. The interconnecting phenomenon has already been
known in other fields, such as rodlike liquid crystalline materials. 63 k tends to form a
physical network by aggregation of the rigid segments as shown in Figure 1.1.
Figure 1.1. Model for networks formed by aggregation of rigid rodlike polymers ^3
Even though several experimental studies have shown that the interconnecting
morphology has higher mechanical properties, quantitative modeling of its reinforcing
mechanism is still a challenge. It has been suggested that traditional filler models are not
sufficient to describe the modulus and strength. 64-72 quantitative description of the
interconnecting hard domain morphology and its deformation behavior is needed for
further understanding.
6
The interconnectivity has been classified under three possible types as shown in
Figure 1.2: (i) Molecular. The connecting elements are individual, soft chains with
junctions being the dispersed glassy concentrated phase, (ii) Continuous phase
connectivity. This provides through the continuity of the glassy phase itself in the
otherwise expanded system, (iii) Adhesive phase connectivity. Here again the glassy
phase provides the connectivity but through adhesive contact of glassy particles forming
ramifying aggregates, called paste consistency. 27
Figure 1.2. A schematic illustration of the three classes of gel: (i) molecularly connected,
(ii) phase connected (continuous), (iii) phase connected (adhesive)
Yontz conducted research on the morphology of model polyurethane systems.
44,64 Based upon AFM and TEM results, the observed morphology for samples made at
50 °C has not only the highly organized hard domain, but also the interconnecting rigid
material between domains. In contrast, the samples made at 150 °C point to a phase
mixed morphology with some loosely aggregated hard segments. It was concluded that
the crosslinking rate was faster than phase separation at 150 °C, the gelling reaction
increases the viscosity of the reacting system and restricted the mobility of the hard
7
segments, resulting in a phase mixed morphology. 44,64 yontz also examined the hard
segment length distribution for various polyurethane systems using MALDI-TOF. Hard
Ordered domain
Figure 1.3. Interconnecting hard domain morphology
segment length is a one of the parameters in determining equilibrium degree of phase
separation and phase separation kinetics. 9,10,13 jhe result of the long hard segments in
8
the phase separated morphology led to the idea of their function as the direct
interconnecting bridge between domains. "73
The performance of polyurethanes is severely degraded in humid environment.
'74-76 Since foam materials have a large surface area, the understanding of the change in
morphology and property of polyurethanes upon moisture absorption is technologically
important. Several mechanisms have been proposed based upon earlier studies,
correlating the effect of moisture sorption to the lowering of mechanical properties.
Gibson suggested that absorption of moisture disrupts the original bonds. it was
proposed that the mechano-sorptive behavior due to moisture allows an increase in
molecular mobility. 78 a widely accepted concept which suggested that the humid aged
compression set (HASET) is due to water penetrating hard domains and interfering with
hydrogen bonding. 79 xhis has served as the basis for the several subsequent studies. 80-
^2 However, the interpretation lacks exact information of where water goes in certain
sites of the hard domain structures. Later a combined effect of rubber elasticity of the
covalent network and a plasticization effect of temperature and humidity was proposed.
74-76 jn this dissertation, D2O vapor sorption is shown to be unique in studying the
water plasticization mechanism. The high sensitivity and characteristic bands for certain
groups in infrared spectroscopy can specify where absorbed 0,0 are located, and allows
understanding diffusion behavior within the accessible regions and interactions with these
regions.
9
1.2.2. Polyurethane Chemistry
The basic ingredients of a polyurethane material are diisocyanate, a chain
extender and the hydroxyl or amino-ended polyol or polyester chains. The complete
description of the polyurethane foam components is listed in Appendix A. Diisocyanates
can be either aromatic or aliphatic. Aromatic compounds are more reactive. The typical
aromatic diisocyanates include 4,4'-methylenebis(phenyl isocyanate) (MDI) and toluene
diisocyanate (TDI). The chain extenders often are short chain alcohols or amines.
Reaction between diisocyanate and a hydroxyl group forms the urethane group, while
reaction between diisocyanate and an amine group forms the urea group. The reaction
schemes are summarized in Figures 1.4 and 1.5. Water is also an important chain
extender, especially in making flexible slabstock foams.
R—NCO + R'OH R—NHCOOR'
Figure 1.4. Urethane formation reaction
R NCO + R"NH2 R—NHCONHR"
Figure 1.5. Urea formation reaction
Water reacts with isocyanate group to form carbamate group. After decomposing
into carbon dioxide (blowing) and amine as illustrated in the Figure 1.6, the resulting
amine reacts with another isocyanate group to form the urea linkage.
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R NCO + H2O R NHCOOH
-CO2
R—NH2
RNCO
R NHCONHR
Figure 1 .6. Water blow reaction to generate urea hard segment
Usually urea groups form the oligmers at certain chain length, as indicated by the
degree of polymerization m in Figure 1.7. These hard segments will aggregate to form
the hard domain during microphase separation. The urethane linkage at each end
connects the soft polyether chains to the hard segment and the resulting structure of
polyurethanes can be expressed as following:
O H
j\r\/\r\j\rQ Q N.
CH.
O
><^^^ N—C—N
H H
CH-
m
Figure 1.7. Chemical structure of polyurethane urea
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Another important aspect of polyurethane chemistry is the side reactions, which
include trimerization and additional reactions of the isocyanate with the urea and
urethane groups to form biuret and allophanate, respectively. 84,85 jhese side reactions
as shown in Figures 1.8-1.10 will cause chain branching and crosslinking. 86-90 Based
upon the MALDI-TOF analysis, there is also a very small percentage (2-4%) of cyclic
structures in the final morphology. ^3
3 R NCO *
N N
R
Figure 1.8. Trimerization reaction of isocyanate
O
R NCO + R—N C—O R'
H
O
R—N—C O R'
c=o
I
H—N R
Figure 1 .9. Allophanate formation reaction
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o o
R NCO + R—N—C—N R r ^ js^ j^,
H H O H
H—N—
R
Figure 1.10. Biuret formation reaction
1.3. Research Objectives
The deuterium substitution method will be used to study quantitatively on the
dispersion state of hard domain morphology and specify the surface, the interfacial and
the bulk hard domain. This method has been proven to be useful in exploring the
conformational change of lysozyme in D2O solution by studying the kinetics of
hydrogen-deuterium exchange. The structural features of keratin and other model
proteins have also been characterized using this technique. 92,93 Based upon the
different diffusion rates in different regions of the hard domain, the extent of adsorption
of deuterated water at the surface and the disordered region of the hard domains in
polyurethanes can be monitored by infrared spectroscopy. Therefore a quantitative
description of the relative fraction of surface, disordered and bulk ordered regions of the
hard domains can be realized. The schematic plot is demonstrated in Figure 1.11.
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Figure 1.11. Deuterium Substitution - D^O diffuses into a thin film sample
to probe the dispersion state of hard domain within the soft matrix
The interfacial region connects the hard domains or lies between a hard domain
and adjacent soft matrix, plays a role in enhancing the mechanical properties of the
material. This can be investigated by infrared dichroism. To understand the deformation
behavior of polyurethanes better, the response of the Amide II band to uniaxial stretching
will be observed using infrared dichroic measurement. Based upon the knowledge
obtained from deuterium substitution experiments on these samples, the two major
components within the amide II region will be intensively studied and associated with
ordered urea hard domain and urethane groups at the boundary between the domains with
some dispersed hard segments. This observation allows study of the deformation
behavior based upon morphological features in a quantitative way using the amide II
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band. It also provides experimental evidence for theoretical modeling work to
understand the true reinforcement and mechanical properties of the materials.
The viscoelastic properties of polyurethane samples in humid environments can
be studied using stress relaxation and in situ monitoring the accessibility of moisture.
Combined with deuterium substitution, the D^O sorption experiment demonstrates a
direct evidence of large distortion of hard domain under plasticization since D^O
functions as a marker indicating where water reaches in the specific region of the hard
domain. The swelling stress relaxation experiment also provides a unique way to study
the transport properties of moisture in thin film samples.
Incorporating lignin as an organic filler to enhance the mechanical properties not
only provides an effective way to utilize this biomass to solve environmental problems,
but also gives potential to reduce the isocyanate consumption in polyurethane
productions. Lignin can be used to enhance the interconnecting hard domain morphology
and thus to strengthen the physical properties of polyurethanes. To succeed in making
the lignin polyblend materials, the miscibility and the dispersion state of lignin in polyol
before polymerization will be studied. The catalytic package in the processing conditions
will also be examined and improved to control the final morphology and physical
properties of polyurethanes. The reinforcing mechanism of this composite material will
also be explored.
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CHAPTER II
EXPERIMENTAL PROCEDURES AND CHARACTERIZATION TECHNIQUES
2. 1
.
Experimental Procedures
2.1.1. Materials
The polyurethane system is used to make flexible slabstock foams. Tolylene
diisocyanate (TDI) was used as received from Aldrich (80% 2,4-TDI, 20% 2,6-TDI) and
the chemical structures are illustrated in Figure 2.1. The position of isocyanate groups
actually determines the reactivity as indicated in the scheme. The difference in reactivity
is critical in the final morphology of the product. ^
CH CB
NCO
(12) (56)
OCN NCO
(56)
NCO
(100)
* drops to 17 after
other group reacts
Figure 2.1. Diisocyanate TDI structures
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The polyol used in the formulation was Voranol 3137 from DOW Chemical. The
structure is shown in Figure 2.2. It is a copolymer with propylene oxide and about
13%wt ethylene oxide randomly incorporated into the backbone. The average molecular
weight is 3000 g/mol, and the average functionality is 2.79. The chemical composition of
the polyol has been studied using MALDI-TOF. 2 it is noted that the composition of
ethylene oxide and propylene oxide can determine the solubility and dispersion state of
water before the polymerization takes place. 2
CB
H2P—(PEO)—(PPO)y—CH2—CH—OH
H-
HC— (PEO)—(PPO)—CH2—CH—OH
H2C—(PEO)—(PPO)—CH2—CH—OH
CH3
Figure 2.2. Chemical structure of Voranol® 3137
Water plays a role as a chain extender in the formulation to generate urea hard
segments. Urea has two active hydrogens that can form stronger hydrogen bonding than
urethane groups. 3-7 Deionized water was used as received from EM Science.
Catalysis plays a vital role in the preparation of urethane and urethane-urea
polymers, because it not only affects the rates of the chemical reactions responsible for
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chain propagation, extension, crosslinking and side reactions, but also affects the ultimate
properties of the resulting polymers. 8-17 jhe catalytic mechanisms are illustrated in
Appendix B. Tin and amine catalysts were used as received from Air Products. The
DABCO T-9 catalyst is stannous octoate as indicated in Figure 2.3 and is basically a
gelling catalyst that catalyzes the reaction between isocyanate and hydroxyl groups.
O
Sn-hO—C— C7H15
Figure 2.3. Chemical structure of DABCO® T-9 tin catalyst
The DABCO 33-LV, as shown in Figure 2.4, is the amine catalyst, a slight
blowing catalyst. 18 it is a solution of diazobicyclo[2,2,2] octane, l,4-(33%) in
dipropylene glycol. It catalyzes the gelling reaction between TDI and polyol.
Figure 2.4. Chemical structure of DABCO 33-LV amine catalyst
Another amine catalyst, DABCO BL-1 1, as shown in Figure 2.5, is a blowing
catalyst. It accelerates the isocyanate-water reaction more intensely than the isocyanate-
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polyol reaction due to stronger hydrogen bonding interaction with water. It is composed
of 70% bis(dimethylaminoethyl) ether in a solution of dipropylene glycol. It can also be
available under the name of Niax A-1 by Osi Specialties-Witco.
Figure 2.5. DABCO® BL-11 amine catalyst
2.1.2. Lignin
Lignin exists in wood as a random, three-dimensional network polymer comprised of
phenylpropane units linked together in different ways. 19 The constitutional structural
units of lignin are shown in Figure 2.6. The molecular weight is estimated around 5000
g/mol. 20
The most significant and urgent problem is the profitable utilization of the vast
quantities of lignin available as waste products or byproducts of the forest-using
industries and the pulp and paper industry. Lignin as a biomass has been found useful
in engineering polymeric materials. 21-24 j^ot only solves the environment problems,
but also provides an alternative to petroleum-based constituents and confers
biodegradability on finished products. 25-27
25
CHjOH
Figure 2.6. Structural units for kraft lignin
2.1.3. Processing Conditions
2.1.3.L Plaque Preparation
Plaque samples were prepared in a steel mold provided by the DOW Chemical
Company. The mold was coated with a fluorocarbon release agent (Fluoroglide ®) and
preheated to a designated temperature in a press with electrically heated platens before
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polymerization. To make plaques, polyol was mixed with an appropriate amount of
Dabco T-9 catalyst; water and TDI were weighed into separate syrmges. Catalysts and
water were weighed to within 0.002 g of the formulation weight, and polyol and TDI
were weighed to within 0.02 g. Amine catalysts were weighed and mixed into the
polyol/r-9 mixture into a plastic beaker before polymerization. Water was then added
and stirred until the solution was clear. TDI was added and mixed for 15 seconds when
the foaming started. Then the mixture was poured into the preheated mold within 20-25
seconds of TDI addition. The mold was closed at 40-45 seconds and 15,000 lbs force
was applied after 3 1/2 minutes. Sample was left at the mold temperature for one hour
before cooling began by running water through the press plates. Plaques produced in this
manner were around 1 mm thick and exhibited very few macroscopic defects such as
bubbles or cracks. The reason to make plaque samples is tend to directly study the
morphology and properties of the polyurethane materials without the complexity from the
cellular structure of the foams.
A U-T naming system is used throughout the thesis to identify the plaques and
films. The number U refers to the urea content and lists the theoretical number of ureas
per chain, either four or six. Based upon the formulation, the weight fraction of urea hard
segment for 4- and 6-samples are 28% and 35%, respectively. The calculation of the
formulation is illustrated in previous work. 28 it is reported that the density of the hard
domain phase is 1.251 g/cc. From the Material Safety Data Sheet provided by the
polyol supplier, the density of the soft segment is 1.019 g/cc. ^8 xhe volume fraction of
the hard segment is calculated to be 0.24 and 0.30 for the 4- and 6-series samples,
respectively. The second number T refers to the isothermal reaction temperature in
degrees Celsius. Therefore 4-80 refers to a sample with four ureas per chain that was
synthesized at 80 °C.
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2.3. 1 .2. Thin Film Prepraration
The thin films were prepared isothermally at three temperatures of 50, 70 and
80 °C using the composition previously described in earlier work. 30 Similarly, polyol
was mixed well with T-9 organotin catalyst and Dabco 33-LV and Dabco BL-1 1 amine
catalysts. Deionized water as chain extender was added to the mixture and stirred until
the solution became clear. TDI was poured into the mixture while stirring, the timer was
started, and stirring continued. At 25 seconds, the foamed liquid was poured onto a
preheated polished stainless steel plate covered with FEP (fluorinated ethylene
propylene) film. After a certain period of waiting time, the top plate covered with FEP
film was added. This assembly was then placed in a press equipped with steel platens
heated at that temperature. Force was rapidly applied to around 16,000 lbs. and polymer
was cured in the press at constant temperature for one hour. After curing, a film was
produced with a thickness of below 20 |xm.
2.2. Characterization Techniques
2.2. 1. Fourier Transformed Infrared Spectroscopy (FTIR)
Most of the infrared spectra were obtained using a Bruker IFS 11 3v vacuum
spectrometer. The spectra were averaged from 128 co-added scans at a resolution of 4
cm"'. Low temperature measurements were conducted using a cold finger apparatus of
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load design and construction. The thin film sample was clamped on the cold finger. The
sample chamber was evacuated and liquid nitrogen was poured in the Dewar to cool the
system. The spectra will be demonstrated in Chapter 3.
A traditional technique for solid sample measurement is the mineral oil (Nujol)
mull method. A small amount of solid sample is mulled in a mortar with a small amount
of Nujol to yield a paste, which is then pressed between salt windows. 3 1 The best mulls
display interference fringes when viewed between salts in visible light.
2.2.2. Attenuated Total Reflectance (ATR)
For the thick plaques and foam samples, transmission infrared is impossible.
Attenuated total reflectance (ATR) spectra were obtained with a Perkin Elmer Spectrum
2000 Fourier Transformed Infrared Spectrometer. The spectra were averaged from 64
co-added scans at a resolution of 0.5 cm"'. A 10 X 5 X 1 mm single-pass parallelepiped
KRS-5 crystal (n=2.4) was used.
One example of applications of ATR is as follows: the foam samples provided by
the DOW Chemical Company as specified in Table 2.1 were studied by ATR to obtain
evidence characterizing the phase separated morphology of this series of samples. The
spectra are shown in Figures 2.7(a)-(b).
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2. 1
.
A Series of Foam Samples from DOW Chemical Company
Reference 224-30-2 224-37-1 224-37-2 224-37-3 224-37-4 224-37-5 224-37-6 224-37-7
Voranol 3040 1 on 1 AAlUO 100 100 100 100 100
T-80 S9 1JZ. 1 /lO A41
A
49.8 54.5 52.1 52.1
Isocvanatp
Index
-1-1
1 90 1 in 100 105 115 110 110
water 4 4 4 4 4 4 4 4
l.-'a.UL'VJ J JL^ V n 1
0
W. 1 z U. IZ A 1 O0.12 0.12 0.12 0.12 0.12 0.12
Niax A-1 0.04 0.04 0.04 0.04 0 04 0 04 0 04
Tegostab
BF 2370
0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
T-9 0.13 0.18 0.25 0.22 0.20 0.16 0.18 0.18
Samples 224-37-6 and 224-37-7 had a small amount of crystallizable polyester
polyol. Conclusions can be drawn from the spectra as follows:
1) 224-30-02 sample had the poorest degree of phase separation, as shown by the
augmented intensity of free N-H stretching and amide I and II bands, relative to the other
samples.
2) 224-37-1 had very similar morphology to 224-37-7, except the latter had a little
weaker hydrogen bonding intensity.
3) 224-37-5 had the second poorest degree of phase separation based upon the amide I
region; while 224-37-2 and 224-37-3 had the highest degree of phase separation.
30
(A)
T
' r- T 1 r
0.56
0.48
0.4
u
C
I 0-32
<
0.24
0.16
0.08
0
224-37-4
224-37-5
224-37-6
224-37-7
J L
1800 1700 1600 1500 1400
Wavenumbers
1300 1200
(B)
Figure 2.7. ATR-FTIR spectra of foam samples
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4) The order of the degree of phase separation should be
Poorest 30-02 < 37-5 < 37-1, 37-6, 37-7 < 37-4 < 37-1, 37-2 Best
5) All these foam samples showed evidence of residual unreacted isocyanate.
It is interesting to note that the degree of phase separation in these foams
directly related to the isocyanate index in the formulation. Therefore using ATR-FTIR is
a powerful and convenient tool to characterize phase separation in foam and plaque
samples.
was
2.2.3. Infrared Dichroic Measurement
The infrared dichroic measurement was made on the Bruker IFS-113v FTIR
spectrometer equipped with a liquid nitrogen cooled mercury-cadimium-telluride (MCT)
detector. The principles of this method will be covered in Chapter 4. Thin film samples
were stretched with a hand uniaxial stretcher at 10% strain intervals. The whole
deformation process could be followed by this means. The polarized infrared source is
obtained by using a polarizer from Graseby Specac of CPS Products Div. The parallel
and perpendicular spectra were collected 5 ~ 10 minutes after the sample was stretched.
It is assumed that after such a period of time the stress relaxation of the sample was close
to the steady state. The changes in the sample thickness during elongation were
normalized against the structural absorbance in the C-H stretching region for the soft
matrix.
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2.2.4. Deuterium Substitution
For D.O vapor sorption studies, a special cell with CaF, windows was built to fit
in the spectrometer for in situ infrared measurements. The relative humidity of D.O
inside the cell was controlled by a saturated sodium chloride solution. A constant flow of
dried nitrogen gas bubbled through two serially connected bubble tubes filled with
sodium chloride saturated Dp solution before transferring into the cell to deliver D.O
onto the thin film. A heating apparatus built inside the cell was used for deuterium
substitution studies at elevated temperatures.
2.2.5. Stress Relaxation
The viscoelastic properties of phase separated polyurethane can be studied using
stress relaxation. A stress relaxation apparatus was designed and built. This apparatus
was made to fit in the spectrometer for in situ infrared measurement. The initial strain is
set for the sample before stretching. A small motor is used to stretch the sample at
constant strain rate to reach initial strain at 20%. The stress relaxation results were
recorded in the computer.
The swelling stress experiment is conducted as follows: A dry sample was
stretched at certain strain in the stress relaxation apparatus. During the dry stage of stress
relaxation, a dry air purge is used to dry the surface of the sample and prevent moisture
uptake. After the film reaches an apparent equilibrium stress for 5 hours, the water vapor
carried by the same air source is introduced into the chamber. The stress was found to
decay and the transient stress data were recorded in the computer using a data acqusition
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software from LabView. The desorption experiment was conducted by purging the "wet"
sample using the dry air immediately following moisture plasticization.
The swelling stress experiment was combined with deuterium substitution studies,
allowing in-situ water plasticization studies to be conducted. Using D.O for
plasticization provides direct evidence of large distortions of hard domains under
plasticization. D2O as a marker indicates where water reaches in the specific regions of
the hard domain.
2.2.6. Others
Mechanical properties were tested on an Instron 4468 Univeral Testing System.
Tensile bars were cut with a die of ASTM D- 1708-84 for microtensile test specimen.
The strain rate was 1.0 mm/min. The stress-strain behavior for plaque samples were
obtained as shown in Figures 2.8-2.9.
The modulus results listed in Table 2.2 represent the initial tangent modulus.
Samples made at lower temperature and larger volume fraction of hard domain have
much higher strengths. Rubbers and elastomers are normally found in the 2-3 MPa range
at 100% elongation. 32,33
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Figure 2.8. Mechanical properties of 4-urea series samples
Figure 2.9. Mechanical properties of 6-urea series samples
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Table 2.2. Mechanical Properties of Polyurethane Plaques
Made at Different Temperatures
Modulus (MPa) Tensile Strength
at 100% Strain (MPa)
Elongation
4-50 38 7.1 351
6-50 100 9.8 338
4-70 14 3.3 588
6-70 51 6.8 453
4-80 11 3.0 463
6-80 17 4.5 267
Other characterization techniques include optical microscopy, thermal analysis
techniques (DSC and TGA), SEM, SAXS, and rheometric measurements. Optical
microscopy was performed in reflection mode using an Olympus BX60 microscope. The
glass transition temperature was measured with a Perkin Elmer DSC 7 Differential
Scanning Calorimeter. The TGA analysis was conducted with a TGA 2050
Thermogravimetric Analyzer from TA Instruments, Inc. The viscosity measurement was
performed on the Advanced Rheometric Expansion System (ARES) from Rheometric
Scientific, Inc. Small angle X-ray scattering (SAXS) of the polyurethane samples has
also been attempted for the study of phase separation. It was, however, found that for
slabstock foam sample, there was no periodicity peak in the scattering profile, which
indicated a broad distribution of domain structures in the phase separated morphology
and poor correlation between domains.
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CHAPTER III
MORPHOLOGICAL CHARACTERIZATION OF THE INTERCONNECTING
PHASE SEPARATED POLYURETHANE
3.1. Chapter Review
In Chapter 3, the interconnecting hard domain morphology is studied using
deuterium substitution. The motivation of this investigation is to obtain a more accurate
morphological picture that can help understand the physical properties of polyurethanes
and design the morphology for better properties. In Section 3.1, several studies are
described that validate deuterium substitution, including model compounds, foam
kinetics, and low temperature measurement, to understand the morphological features of
the hard domain structure, and the specific band assignments for the Amide I and II
regions. The deuterium substitution studies on different morphological samples are
covered in Section 3.2. The bulk of the hard domain, the disordered hard domain, and the
surface of the hard domain have been quantitatively characterized. Based upon the
percolation theory, above 16% volume fraction of the hard domain can form interlocking
morphology. ^ The volume fraction of our system is well above this value and thus it is
reasonable to have interconnecting hard domain morphology. The disordered hard
domain plays an important role as interfacial region to interconnect the bulk hard
domains or between hard domain and soft matrix. This supports the interconnecting
morphological view in which the domains are bridged through either the disordered hard
domain or directly by long hard segment bridges. The soft segments constrained in these
disordered hard domains increases the effective volume fraction of the hard domain, and
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this leads to an increase in the modulus of the material. The decrease in the modulus for
the samples made at higher temperatures is attributed to an increase in the degree of
phase mixing morphology and an attendant decrease of the size of the interconnecting
region for the higher temperature samples. The above conclusion will be evaluated
through the analysis of the data obtained from three different morphologies generated at
different reaction temperatures.
3.2. Band Assignments and Deuteration Studies
3.2.1. Different temperature samples
The spectra of three thin films made isothermally at 50, 70 and 80 °C are shown
in Figures 3.1(a)-(b). The spectra were normalized to the intensity of the most intense
band in the C-H stretching region between 3010 and 2700 cm '. From previous studies,
the samples reacted at lower temperature exhibit larger ordered domains and more
complete phase separation. 2,3 Qualitatively, the degree of phase separation was less for
the samples made at higher temperatures. The sample made at 50 °C had the best phase
separated morphology, as indicated by the sharp amide I band of bidentated urea at 1640
cm ' as shown in Figure 3.2. 4-10 xhe lower intensity of 1640 cm"' and higher intensity
at around 1670 cm"' suggested the higher degree of phase mixing for the high temperature
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Figure 3.1. FTIR spectra of polyurethane 6-urea samples
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sensitive to
temperature sample. The intensity of the N-H stretchmg band was extremely
the strength of hydrogen bonds formed. 1 l-H in the N-H stretching region, a sample
prepared at 80 °C showed the least integrated intensity, indicating the poorest hydrogen
bonding in the sample and highest degree of phase mixing of the three. In addition, there
O
H H
O
H H
Figure 3.2. Chemical structure of bidentate urea
was a small shoulder at 3410 cm"' for the 80 °C sample which is associated with the N-H
stretching in the absence of hydrogen bonding. In the urethane amide I region between
1730 and 1710 cm"', two distinct bands can be observed for the non-hydrogen bonded
and hydrogen bonded urethane carbonyl stretching bands in the 50 °C sample. In the
spectrum of the sample made at 80 °C, there was one broad band at 1720 cm"'. This
showed a trend of higher degree of phase mixing for the samples prepared at higher
temperatures. The spectroscopic differences were characterisitc of the different sample
morphology as expected. ^'-^
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3.2.2. Band assignments of Amide vibration regions
There have been many infrared studies of various polyurethane materials. 4,15-24
In order to vahdate the use of deuterium substitution, the model compound 1,3-diphenyl
urea before and after substitution was studied as shown in Figures 3.3(a)-(b). It is
interesting to note that for crystalline 1,3-diphenyl urea soaked in Dp, deuterium
substitution hardly took place. After the crystal was dissolved in dried acetone,
deuterium substitution was fast upon exposure to D2O. The N-H stretching, amide I,
phenyl ring, amide II and amide III regions were all sensitive to deuteration. The N-H
stretching band decreased and the water band from the substitution product increased,
while the N-D stretching band appeared in the 2400-2500 cm ' region. Amide I band
shifted from 1648 cm"' to 1634 cm '. The decrease of ring vibration at 1600 cm"'
suggested that it was not a pure ring vibration mode and it contained a contribution of N-
H bending component. 25 But the direct quantitative indication was from the Amide II,
as suggested by several authors. 26-29 jhe N-D in plane bending vibration appeared at
1467 cm '.
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Figure 3.3(b). FTIR spectra of model compound 1,3-diphenyl
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In order to study the morphological development and help the band ass
using infrared spectroscopy, the foam kinetics at
ignments
room temperature was simulated using
H,0 and D,0 as the chain extender in the foam formulation. Right after the mixing of all
the components, infrared spectra of the foaming mixture were collected. The spectra of
samples using H^O as the chain extender are shown in Figures 3.4(a)-(b). It was found
that as the polymerization proceeded, the 0-H stretching band intensity of hydroxyl
groups from water and polyol decreased and at the same time the N-H stretching band
increased indicating urea and urethane formation. The band at 2275 cm ' is characteristic
of the isocyanate group. The decrease of intensity suggests the reaction kinetics. After
60 minutes almost all the isocyanates were consumed.
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Figure 3.4. FTIR spectra monitoring the foam kinetics (H2O as chain extender)
Initially the amide I band of the urethane group appeared at 1710 cm'', soon after
the band moved to lower frequency, suggesting that hydrogen bonding interaction with
urea and polyol took place. After 15 minutes the 1640 cm"' band appeared indicating that
urea groups started to aggregate and phase separate. It was also found that the band
characteristic of phenyl ring of 2,4-TDI including 1617 and 1580 cm"' decreased as
reaction proceeded, and simultaneously a new broader band between 1570 and 1500 cm"'
was developing along with the urea and urethane groups formed by consumption of
isocyanate.
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Figure 3.5. FTIR spectra monitoring the foam kinetics (Dp as chain extender)
D2O was then used as the chain extender as shown in Figure 3.5. The Amide I
band for D-urethane group began at 1723 cm ', and the free D-urea group started at 1692
cm"'. Later after about 15 minutes, a new band started to appear at 1635 cm"', indicating
the D-urea groups started to aggregate and phase separate. The ring vibration showed
little change compared with the H-counterpart, and only the characteristic bands of 2,4-
TDI decreased.
To further study the amide II region, low temperature measurements were made.
Because of different hydrogen bonds formed, some Amide vibrations associated with
urethane and urea units were broad and often overlap making definitive observations
difficult. 30 By lowering the temperature of the sample, it was possible to increase the
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specificity since bands were sharper and easier to differentiate. The spectra obtained at
room temperature and low temperature are compared in Figures 3.6(a)-(b). A higher
intensity is generally expected at low temperature as shown in C-H stretching region,
which was attributed to the stronger interaction of the polymer chains under volume
contraction and slower motion at lower temperature. The bands that can be affected by
hydrogen bonding would not only have a higher intensity, but also a shift to lower
frequency at low temperature. 14 The N-H stretching region moved towards the lower
frequency with higher intensity. The same as in all the amide I region where the carbonyl
stretching bands shifted towards lower frequency. The amide II region made a higher
frequency shift and behaved the same way as hydrogen bonding strength increased
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Figure 3.6. FTIR spectra of cryo-measurement of polyurethane 6-50 sample
at lower temperature. 31 The amide III band at around 1220 cm"' showed a shift to
higher frequency. The amide II region showed two distinct peaks at lower temperature.
This led to the idea that the hard domain and the urethane groups at the boundary
between domains respond differently at lower temperature. The hard domain, which is
already in its glassy state at room temperature, would be affected less than would the
urethane groups where the Tg is below room temperature. There was only 1 cm"' shift
with respect to the bulk ordered hard domain, while 3 cm"' shift occurred for the surface
and interfacial region of the hard domain. Lasdy, the band at 1508 cm"' showed intensity
increase without frequency shift strongly suggesting that this band was associated with
the phenyl ring of TDI.
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The band assignments for the Amide I region of the polyurethane urea system are
summarized in Table 3.1. In the Amide I region (1640-1730 cm '), there was no shift for
the bidentated urea carbonyl stretching 1640 cm ' band upon deuterium substitution.
3.1. Band Assignment of Infrared Carbonyl Stretching (Amide I)
Urethane and urea (cm"') Deuterated urethane and urea (cm"')
"Free" urethane 1727 "Free" D-urethane 1723
Loosely associated
urethane
1712 Hydrogen bonded
D-urethane
-1694
Hydrogen bonded
urethane
1700
"Free" urea 1712 Soluble D-urea 1694
Loosely associated
urea
1710, 1670, 1650
Hydrogen bonded
urea, bidendate
1640 Associated D-urea 1635
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which indicated that the ordered urea hard domain is inaccessible to D,0. The "free"
urethane carbonyl at 1727 cm ' shifted to 1723 cm '. Another emerging peak at 1694 cm"'
may be attributed to the deuterium substitution response of broad components of
disordered urethane and urea groups, includmg the apparent 1713 cm ' carbonyl peak of
the hydrogen bonded urethane group and "free" urea groups. These results were
consistent with results reported for similar systems. 4,19,24,32-34
In the 1600 cm"' region, which is also sensitive to deuterium substitution, 15,16
there were multiple components. The most characteristic band was the C-C stretching
band from the phenyl ring. 35 !„ addition, the N-H bending mode coupled with the ring
stretching mode appears in this region. 36 Based upon the foam simulation experiments,
there was a clear difference in this region using Hp and D2O. Therefore it is consistent
with the experimental results that the intensity of the band decreases upon deuterium
substitution. However, clear band assignments remain to be made. 37-39
Coleman, et al. 30 reported that the overall character of the amide II band for
urethane group is similar to that of the N-H stretching vibration in that there are no
obvious separate contributions from ordered and disordered hydrogen bonded domains.
Based upon low temperature measurement, deuterium substitution, and infrared
dichroism, which will be presented in Chapter 4, a band at 1554 cm"' was assigned to
urea groups in the hard domain regions. The hydrogen bonded and " free" urethane
groups and the dispersed urea groups depending on the degree of phase mixing are
assigned to a broad band at about 1530 cm"'.
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Figure 3.7. Gaussian curve fit for the Amide II region of the 4-50 sample
52
The fit of the amide II region is demonstrated in Figures 3.7(a)-(b). The fitting region of
amide II region between 1577 and 1486 cm ' yield three Gaussian bands representing
urea, urethane, and phenyl ring skeletal absorption. The inaccessible urea N-H in-plane
bending obtained at a late stage of deuterium substitution indicates the peak position of
the hard segment domain is actually at 1554 cm '. The band at a lower frequency of
around 1530 cm ' is mainly associated with the urethane groups at the domain boundary.
The 1508 cm ' band is associated with phenyl ring skeletal absorption. 35
3.3. Deuterium Substitution Studies
Deuterium substitution allowed monitoring the intensities of the spectroscopic
features containing contributions of N-H stretching and bending. These features would
reduce in intensity and be replaced by new features because of the N-H to N-D
substitution. The method is capable only of measuring the hard segments. Based upon
the relative accessibility of various urea and urethane groups to 0,0, the concentration of
hard segment rich domains, their surfaces, and the relative fraction of dispersed hard
segments in the soft segment matrix can be estimated. The urea groups dissolved in the
soft matrix are most easily accessed by DjO. The next most easily accessible region is
associated with the urea groups on the surface of the hard domain. It is difficult to
differentiate between the dispersed urea groups and those on the hard domain surface. It
is easy to imagine, however, that the urea groups most difficult to reach are the ones
inside the hard domain. The disordered hard domain or interconnecting region can be
accessed at elevated temperature. Unlike urea groups, most urethane groups are located
at the surface of the hard domains and the interfacial region, and its deuterium
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substitution behavior can therefore be expected to be similar to that of the urea groups on
the surface or the interfacial regions.
Several infrared active features can be used to characterize the degree of phase
separation and the order within phase separated domains. The Amide vibrations,
'
particularly the Amide II and N-H stretching vibrations are especially useful. Amide II is
important because it contains a significant fraction of N-H in-plane-bending contribution.
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Figure 3.8. Vapor deuterium substitution of 6-50 sample
at room temperature under 75% R. H.
When D2O was introduced, the changes in the infrared spectrum for the various
samples could be quite dramatic as shown in Figures 3.8(a)-(b). Urethane and urea amide
I band showed the change as the simulated spectra predicted. The intensities of the
Amide II and N-H stretching bands decreased as the deuterium substitution proceeded.
The lower component Amide II band at around 1530 cm"' was reduced substantially in
intensity. A broad band increase between 1475 and 1320 cm"' was observed. Although
the Amide II containing N-D should be shifted to around 1470 cm unfortunately it
overlaps the broad absorption of the 0-H deformation bands of H2O or HOD, the
exchange reaction products in the thin film. It should also be noted that the intensity of
the N-H stretching region decreased with a corresponding increase in the N-D stretching
at around 2400-2500 cm"' region. The N-H stretching region was not ideal for
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quantitative analysis because the absorption coefficient of this band increases with the
increasing hydrogen bonding strength. 1 1 This region will be discussed in the next
section to help understand the hydrogen bonding strength difference in different regions
of the hard domain.
The intensity change of two bands in the Amide II region demonstrates the
exchange accessibility of the phase separated morphology. The percentage of the
inaccessible region can be calculated using Equation 3.1 by the ratio of intensity at the
experimental time to the intensity in the initial state as plotted in Figure 3.9.
Equation 3.1. Inaccessible urea group = ^'^^ '"^""^'^^ ^ x 100
Urea intensity at t = 0
During the first 60 minutes in Figure 3.9, the intensity of both urea and urethane
decreased quickly. The peak intensity of both groups reached a plateau after 240
minutes, indicating that the portion of the hard domain and the urethane groups remained
relatively inaccessible to DjO. For the 6-50 urea sample, the inaccessible region of urea
groups was 78%. This demonstrated a large amount of urea groups hidden in the hard
domains and the sample maintained a well phase separated morphology.
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Figure 3.9. Percentage of Inaccessible region of 6-50 sample at room temperature
About 30% of urethane groups were inaccessible at room temperature. The hard
segment length distribution was characterized in two samples after hydrolysis and
MALDI-TOF analysis. 40 it was revealed that the hard segment length distribution was
similar except for the extremely long segments containing eight urea units or more. ^0
From the data obtained, it was obvious that hard segments were not all in ordered hard
segment rich domains. But the fact that even urethane units could be inaccessible is
consistent with the hypothesis that connectivity may exist shielding some of the urethane
units. The morphology of this region may be sufficiently ordered to prevent easy DjO
penetration. We changed the DjO vapor concentration by adjusting the relative humidity
in the exchange cell. It was found that the equilibrium state was reached at a different
time, but the inaccessible regions for both urea and urethane groups exhibited the same
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amount of inaccessible region. These interconnecting regions may be designated as
bridges across the hard segment domains.
Table 3.2. Morphological features of urea groups at different regions of the hard domain
of polyurethanes made at 50 °C
Surface Interfacial/
Interconnecting
Bulk
4-50 28% 20% 52%
6-50 22% 24% 54%
It is found that in the Table 3.2 of deuterium substitution results for the 50 °C
samples, the inaccessible region of urea groups was 72% for 4-50 sample. If we assume
the shape of the hard domain is similar in 4-50 and 6-50 samples, the domain size R can
be roughly compared using the equation R = V/S, where V and S are the volume fraction
and surface area of the hard domain, respectively. The result was surprisingly high and
the hard domain size of 6-50 sample is 59% higher than that of 4-50 sample. This is
consistent with the morphological studies previously reported. ^'-^ The difference
calculated reflects the fact that the volume fraction of the hard domain dominates the
difference in morphology.
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In order to explore the relatively inaccessible regions further, the deuteri
substitution temperature was raised. The same D,0 adsorption experiment was
conducted at 45 "C. The temperature was kept below the curing temperature to prevent
the sample morphology being perturbed, hi this case, the change in the infrared band
features was almost the same as that for room temperature, but the exchange reaction
proceeded much faster and reached equilibrium earlier as illustrated in Figure 3. 10. it is
also important to note that at 45"C, the disappearance of the lower component of the
Amide II band indicated the surface and inlerconnecting/interfacial regions have been
accessed, and most of the urethane groups or dispersed hard segments have been reached
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Figure 3.10. Vapor D2O substitution of 6-50 sample at 45 °C under 75% R. H
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Figure 3.11. Percentage of inaccessible region of 6-50 sample
at 45 °C under 75% R. H.
From Figure 3. 1 1, the intensity of urea groups that remain at the higher
component of the Amide II region represented the inner portion of ordered hard domain.
This time the inaccessible region for the urea groups was 54%. The difference in the
accessible part of urea groups at these two different temperatures is indicative of the
difference in dispersion, or the difference in the interfacial regions. It is found that 20%
of the urea groups formed the interfacial region for the 4-50 sample, and 24% of the urea
groups for 6-50 sample.
At the other extreme, deuterium substitution results for the 4-80 sample were
entirely different. At room temperature, the urethane groups were all accessible to DjO
as indicated in Figures 3.12-3.13. Furthermore, more than half of the urea groups existed
at the surface of the hard domain. Due to the lower volume fraction of the hard domain
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and the increase in the degree of phase mixing, the morphology resulted in more isolated
hard domains. Only a small amount of urea groups (5%) existed in the disordered hard
domains. These were likely to be isolated units rather than to function as interconnecting
bridges.
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Figure 3.12. Vapor D2O substitution of 4-80 at room temperature under 75% R.H.
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Figure 3.13. Percentage inaccessible region of 4-80 at room temperature
under 75% R.H.
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Figure 3.14. Vapor DjO substitution of 4-80 at 45 °C under 75% R.H,
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Figure 3.15. Percentage inaccessible region of 4-80 at 45 °C under 75% R.H.
As shown in Table 3.3, there was a substantial increase in the accessible region at
room temperature for 80 °C samples. The accessible surface region was 5 1 % of the urea
groups for 4-80 sample and 43% of the urea groups for 6-80 sample. The results
suggested increased phase mixing with larger surface area due to the smaller size of the
hard domains in the higher temperature morphology. To look into the interfacial region,
the sorption experiment at 45 °C (Figures 3.14-3.15) indicated that 44% of the urea
groups formed the bulk of the hard domain for 4-80 sample and 47% of the urea groups
for 6-80 sample. In conclusion, only 5% of the urea groups formed interfacial region for
4-80 sample and 10% for 6-80 sample. Rather than the increase in the interfacial region
for the higher temperature sample, less interfacial region and more isolated hard domain
existed in the morphology.
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Table 3.3. Morphological features of urea groups at different regions of the hard domain
of polyurethanes made at 80 °C
Surface Interfacial/ Bulk
Interconnecting
4-80 51% 5% 44%
6-80 43% 10% 47%
The interfacial region is important in enhancing the modulus and toughness of the
material as described in the introduction. 41-44 ^ ^as been reported that under loading
the stress transfer from the soft matrix onto the interconnecting interfacial region causes
plastic deformation in this region before passing onto the bulk of the hard domain. 41
Deformation behavior in the interfacial region is critical for the performance of
polyurethanes.
For samples reacted at 70 °C as shown in Table 3.4, it is clear that the degree of
phase mixing is in between the samples prepared at 50 and 80 °C. From deuterium
substitution, this difference is illustrated by the observation that 26 % of the hard domain
forms the surface region in the 6-70 sample. The bulk of the hard domain has 53 % of
the urea groups and the rest 21 % form the interfacial region.
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Figure 3.16. Morphological pictures of 4-80 sample
Table 3.4. Morphological features of urea groups at different regions of the hard domain
of polyurethanes made at 70 °C
Surface Interfacial/
Interconnecting
Bulk
4-70 48% 8% 44%
6-70 26% 21% 53%
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If we plot the various regions of the hard domain morphology at different
temperatures in Figures 3.17-3.18, it is found that the bulk hard domain doesn't change
much for these samples, but there is a large change in the surface area and interfacial
region of the hard domain morphology. The decrease in the modulus of higher -
temperature samples is due to the increase of phase mixing and decrease in the interfacial
region of the hard domain morphology.
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Figure 3.18. Temperature effect on the hard domain morphology of 6-urea samples
3.4. Hydrogen bonding strength difference in different regions of hard domain
Another advantage of deuterium substitution is that it allows an estimate of the
hydrogen bonding strength of different regions of the hard domain. The urea groups
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Figure 3.19. Hydrogen bonding strength difference in different
regions of the hard domain morphology
at the surface have been deuterium substituted at room temperature, and the N-H
stretching region of the difference spectrum of the original and deuterium substituted
spectra at room temperature indicates the hydrogen bonding strength of the surface
region. Neglecting the error introduced from the 0-H stretching, the N-H stretching
region of the difference spectrum between original and deuterated sample at 45 °C
indicates the hydrogen bonding strength at surface and interfacial regions. Next,
hydrogen bonding strength at both surface and interfacial regions can be differentiated by
comparing the two different spectra. The difference spectra are shown in Figure 3.19.
Note that the N-H stretching band for the interfacial region shifts to lower wavenumbers,
indicating stronger hydrogen bonding in the interfacial region. The comparable intensity
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stretching peak positions (cm ') for different regions of the hard domain
Samples Bulk of hard domain Surface Interfacinl
4-50 3287 3326 3304
6-50 3289 3325 3300
4-80 3287 3324 3301
6-80 3290 3328 3298
of the two bands demonstrates the similar amount of these two regions, which supports
similar results from the amide II regions. Also for samples made at 80 °C, the decreasing
intensity of N-H stretching for the interfacial region suggests a loss in the interfacial
region in higher temperature samples and with a corresponding increase in phase mixing.
In Table 3.5, the weight center of band position for each specific region of the hard
domain is shown. The bulk hard domain has a band center at an average of 3288 cm"',
the surface at 3326 cm"', and the interfacial region at 3301 cm"'. The results provide
further evidence that hydrogen bonding is not the major factor for phase separation. 45
3.5. Conclusions
The deuterium substitution method has been used to study the dispersion state of
the interconnecting hard domain morphology quantitatively. The surface, the disordered
hard domain and the bulk hard domain have been specified for samples made at different
temperatures. Based upon the new morphological picture, in addition to the direct
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bridges from the longer hard segments, the disordered hard domains can interconnect the
hard domains or connect between hard domain and soft matrix. The interconnecting
regions of the hard domain decrease as the reaction temperature increases. The larger
surface area for the higher temperature samples is consistent with the previous studies
that showed that as temperature increases, the degree of phase mixing increases.
The difference in the morphological features of different temperature samples is
attributed to the physical properties of the final materials. It is suggested that the degree
of phase separation and the interconnecting region of the hard domain in the phase
separated morphology are determining factors for the mechanical properties of
polyurethanes. The reinforcing mechanism will be further discussed in Chapters 4 and 5.
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CHAPTER IV
DICHROIC STUDIES OF INTERCONNECTING MORPHOLOGY OF
POLYURETHANES
4.1. Chapter Review
In this chapter, the deformation behavior of polyurethane is discussed based upon
the interconnecting hard domain morphology proposed in Chapter 3. Infrared dichroism
was used to give insight into hard domain reinforcement. The principles of the infrared
dichroic method are outlined in Section 4.2. The dichroic results are given in Section 4.3.
The Amide II band provides quantitative information of hard domain volume change
throughout the deformation. The role of bulk hard domain, interfacial region and
dispersed hard segment chains in contributing to the overall mechanical properties of
polyurethanes is discussed. These observations not only point to the large hysteresis and
stress softening phenomena associated with the polyurethane materials, even at small
strains, but also shed light on interconnecting hard domain reinforcement.
The understanding of mechanical properties of polyurethane is often limited by
the poor understanding of its phase separated morphology. In the previous chapter, the
interconnecting hard domain morphology is quantitatively characterized using deuterium
substitution and the interconnecting region of the hard domain is specified. It is noted
that the interconnecting interfacial region and the degree of phase separation are the
determining factors for the enhancement of both the modulus and strength of the material
and thus the whole deformation process. ^'^ This chapter will suggest the contribution of
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the interfacial region to the mechanical properties of polyurethanes. The observation of
orientation and plastic deformation of the hard domain during the stretching process gives
a complete molecular interpretation of energy dissipation and hard domain
reorganization, which helps explain the large hysteresis and stress softening effect,
characteristic phenomena associated with polyurethanes. 4-6
4.2. Principles of Infrared Dichroism
The studies on the molecular orientation and its specification in some quantitative
form are essential to a full understanding of a variety of properties such as mechanical
and dielectric, etc. Among the common techniques such as birefringence, X-ray
scattering, NMR spectroscopy, polarized fluorescence, Raman depolarization and sonic
techniques, infrared dichroism has been widely used to study the orientation of polymers.
7
When an oriented polymer is investigated with linearly polarized radiation, the
absorbance A of a single group in the polymer chain is proportional to the square of the
scalar product of its transition moment vector M and the electric vector E of the incident
polarized radiation:
Equation 4.1. aoc^M-E) ={MEfcos^y
where M = M,E = E and y is the angle between the transition moment and the electric
vector. Thus the maximum absorption takes place when the electric vector is parallel to
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the transition moment of the vibrating groups, but no light will be absorbed when i
electric vector is perpendicular to the transition moment. The actually observed
absorbance A is equal to the sum of absorbance contributions of all structural units
Equation 4.2. Aoc^^M-Efdn
where the integral refers to the summation over all molecules. When these atomic groups
and their associated transition moments are randomly oriented within the polymer, the
measured absorbance is independent of the polarization direction of the incoming light.
For anisotropic distribution of the transition moments, the observed net absorbance varies
with the direction of the electric vector £ of the polarized radiation. 8 The effect of
anisotropy on a particular absorption band in the IR spectrum of a polymer is
characterized by the dichroic ratio R in Equation 2.1:
Equation 4.3. R = —LL
where A^^ and are the absorbances measured with radiation polarized of parallel and
perpendicular to the draw direction, respectively. If R is larger than 1.0, the band is
called a parallel band; if R is smaller than 1 .0, it is called a perpendicular band. This
nomenclature refers not only to the stretching direction but also to the chain axis that is
preferentially oriented in the stretching direction.
In order to represent the orientation, it is supposed that all the molecular chains
are displaced by the same angle d from parallelism with the draw direction as shown in
Figure 4.1.
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Figure 4. 1
.
Distribution of transition moments of a particular vibration
in a uniaxially oriented polymer with respect to the draw direction^
The second order orientation function can then be expressed as follows:
1
Equation 4.4. {Pii^osd)) = -(3(cos' d) - 1)
It is obvious that for perfect parallel alignment, i.e. 6=0'', the orientation function/is
equal to 1. If all the chains perfectly align perpendicularly to the draw direction, i.e.0
90 °, the orientation function/is equal to -0.5.
The orientation function/can be related to the dichroic ratio by using the
following equation:
Equation 4.5. (p^(eos.)) =
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where R, is the dichroic ratio for perfect alignment and is equal to 2cotV, where ¥ is
the angle between the transition moment vector for the vibration and the local chain axis
As y/ varies from 0 to k/2, varies from oo to 0, and no dichroism ( R„ =1) will be
observed when I// = 54°44'.
The primary advantage of this deduction is that the orientation functions
determined by independent methods (e.g. X-ray diffraction, birefringence, NMR) may be
coupled with the results derived from IR dichroic measurements of absorption bands
which are representative of the appropriate phase.
The infrared dichroic method can be used to study the orientation not only of the
ordered structure, but also the disordered structure, since the molecules vibrate locally in
different phases and yield different infrared characteristic bands. The orientation
function/of an absorption band having its transition moment perpendicular to the chain
axis (y/= 90°) can be calculated using equation 4.6. The carbonyl stretching (Amide I)
and symmetric C-H stretching vibrations of samples 4-50 through 6-80 are assumed to be
perpendicular to the polymer chain axis. The amide I was also reported to be 78 ° with
the chain axis.
Equation 4.6. / = (-2)^^—^
The N-H in-plane bending (Amide II) transition moment is assumed to be parallel
to the polymer chain axis (»//= 0°) and the orientation function /is calculated as
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Equation 4.7. f =
(R + 2)
The structural absorbance has been chosen as intensity for quantitative analysis
because it ehminates the influence of changing orientation on the actual intensity of
absorption band. 10-12 The structural absorbance is calculated
an
as
Equation 4.8. Aq = "^^^
'^^^
For example, during elongation of a semi-crystalline polymer several different
process, such as elastic deformation of the original spherulitic superstructure,
transformation of a spherulitic into a fibrillar sturcture, plastic deformation of microfibrils
by slippage processes and elongation of molecular chains in the amorphous regions may
occur simultaneously, successively, or partly superimposed. 13-15 One of the advantages
of IR spectroscopy is that under certain conditions these complex processes may be
resolved into the individual components. Thus, the crystalline and amorphous phase of a
semi-crystalline polymer can be characterized separately by evaluating the dichroic
effects of absorption bands that are peculiar to these regions. 13-15
Finally, it is worth mentioning a few of the sources of errors in dichroic
measurements. The determination of dichroic ratio encounters the same difficulties as
ordinary intensity measurements as soon as various absorption bands overlap where it
becomes uncertain how to measure the background intensity for an individual band.
Other effects include the polarizer efficiency, insufficient resolution of the spectrometer,
false radiation due to spectral dilution and scattered light, and beam convergence. ^
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4.3. Results and Discussion
The orientation of the hard domain in various polyurethane systems has been
extensively studied using infrared dichroic measurements. 3,11,16-22 authors agree
that Amide I bands are used for qualitative characterization and it is shown that in most
of the systems the hard domain tends to have negative orientation when the sample starts
to deform. 3,1 1,17,23 xhis unique feature in the deformation of polyurethane occurs
because the bulk hard segment domain tends to rotate transverse to the stretching
direction. This is interpreted as bulk lamellar-like hard domain with the long-axis
direction perpendicular to the polymer chain axis. 17 The idea came from the studies of
spherulitic deformation of polyethylene. 24 On the other hand, the soft chains and the
hard segment chains that disperse in the soft matrix tend to align with the stretch
direction. The orientation of the urethane groups at the boundary between domains is
affected by the soft chains and thus they are stretched parallel to the stretch direction.
The hard domain undergoes disruption when the sample is stretched at above 100% strain
17,23 where the orientation of the hard domain begins to increase from the negative
minimum as shown in Scheme 4.1. ^3 Despite these findings, it is still not sufficient to
understand the actual hard domain reinforcement throughout the deformation process
since only orientation is
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(A) (B)
Scheme 4.1. Orientation function vs. elongation curves of
(A) PEUU-25-1000 and (B) PEUU-25-2000 23
followed for both domains. Another reason is that there is no direct link between specific
hard domain region and the corresponding infrared band in previous studies. With the
help of deuterium substitution, the problem can be resolved using the amide II band. An
evaluation of the plastic deformation of hard domain based upon interconnecting
morphology becomes possible.
Figures 4.2 - 4.4 show a series of dichroic spectra of 6-50 thin film sample
collected before, in the middle and at the end of the deformation process. In the spectra,
the parallel spectrum is shown as solid line indicated as par; the perpendicular spectrum
is shown as dotted line indicated by per. Since the difference spectra Ag,,^ = A// - Aj_\s
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Figure 4.2. Infrared dichroic spectra of 6-50 sample before stretching
found easy to visualize the change of each band and thus the orientation of the specific
group, a difference spectrum is included under each pair of spectra at a certain draw ratio.
Before stretching the sample as shown in Figure 4.2, there was no orientation since the
parallel and perpendicular spectra were almost identical, which indicated that the hard
domain was randomly distributed throughout the material. After the sample was
stretched at a certain strain at 60%, the dichroic spectra are shown in Figure 4.3. It can
be seen from the difference spectrum, suggesting the orientation of different regions of
the morphology. First, it is found that both the Amide I and the Amide II bands can be
correlated. The urethane amide I band and lower component of Amide II which
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Figure 4.3. Infrared Dichroic Spectra of 6-50 sample stretched at 60% Strain
both represents the dispersed hard segment chains and urethane groups at the boundary
between domains will orient towards the stretching direction, as positive orientation
reflected on the difference spectra. While for ordered urea groups which form the hard
domain with its characteristic amide I band at 1640 cm"', pairing with the higher
component of the amide II region behaves similarly transverse the uniaxial stretch as
negative orientation. At the strain up to 160%, the increase in orientation for the hard
domain would not be due to the change in the hard segment chain conformation (either
urethane or urea). Therefore the peak position for the hard domain is maintained the
same throughout the deformation process. In conclusion, this observation further verifies
the band assignments made on deuterium substitution that was described in Chapter 3.
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The peak position of the higher component at 1554 cm ' of the amide II region would be
a strong indication of the bulk of the hard domain, the lower component at around 1530
cm-' represents the dispersed hard segment chains and urethane groups at the boundary
between domains. These two bands behave exactly in an opposite way. The ordered
hard domain showed negative orientation while the urethane groups and dispersed hard
segments tended to align with the soft chains along the stretching direction.
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Figure 4.4. Infrared Dichroic Spectra of 6-50 Sample Before Break at 130% Strain
In Figure 4.5, the orientation of hard domain became more negative, even though
the individual parallel and perpendicular band intensities decreased as thickness
decreases. It was important to notice that there was an increase in intensity in the
difference spectra for the lower component of the Amide II band and a decrease in the
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higher component of the Amide II band. This suggested that the volume fraction of the
hard domain was changing during the deformation process.
cm"'
Second, it is clear in Figure 4.5 that the hard domain, as represented by 1640
band, showed increasing negative orientation up to
-0.4, close to -0.5 with increasing the
draw ratio before the sample broke while soft chains showed only slight increase in the
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Figure 4.5. The Orientation Function of Soft and Hard Domain
for polyurethane 6-50 samples
positive orientation. It is reasonable to think that during stress relaxation after 5
minutes of stretching, the soft chains tended to relax back to the original state indicating
the stress had been transferred onto the hard domain through the weaker interfacial
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regions. This could cause plastic deformation of the interfacial region, because m the less
well packed interfacial region, the stress on soft chains sufficed to break the hydrogen
bonding and other interactions between hard segments. This results in the hard segment
chains either sliding away from the original position or being pulled out from the
interfacial region into the soft matrix. During stress relaxation, hard domain
reorganization occurred.
With the help of deuterium substitution, the two components of the Amide II
region were studied quantitatively. These two components from parallel and
perpendicular spectra were used to calculate the structural absorbance. The integrated
intensity of C-H stretching representing the soft matrix was used for calibration of the
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Figure 4.6. Intensity Change within the Hard Domain vs. Dispersed Hard
Segments of 6-50 sample under Deformation
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thickness decrease upon stretching. The structural absorbance of the sample at each draw
ratio was calculated as indicated in Figure 4.6. It is found that the hard domain decreases
faster than the thickness decreases, while the dispersed hard segment seemed to decrease
more slowly. The normalization was then performed against the C-H stretching region to
account for the thickness decrease. In this way, information can be obtained on both hard
domain change and dispersed hard segment and urethane group intensity change. Figure
4.7 shows that the volume of hard domain was decreasing throughout the entire
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Figure 4.7. Normalized Percentage Change within Hard
Domain vs. Dispersed Hard Segments for 6-50 Sample
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deformation process. Before the sample broke, there was about 19%wt of the hard
domain were pulled into the soft matrix and of course the dispersed portion of the urea
and urethane groups increased.
These experimental results showed the hard domain undergoes plastic
deformation, even at small strain, suggesting that energy hysteresis and stress-softening
exist at low strain or stress levels. 25 The crystallization of soft matrix is not applicable
to this system due to the majority of propylene oxide units (87 wt%) along the soft
chains. Since the hard segment chains were pulled out into the soft matrix, the
reinforcing quality of hard segments was lost and the modulus dropped. After removing
the stress, the elastic properties of the chemically crosslinked soft matrix allowed the hard
domain to reorganize into a new state.
Another sample, the 4-80 thin film, which has a more phase mixed morphology, is
also presented here as shown in Figures 4.8-4.10. The dichroic results follow a similar
trend. The sample began with homogeneous material and different domains responsing
to the stretching differently. The hard domain tended to align peipendicular to the
stretching direction, while the soft matrix showed little positive orientation as shown in
Figure 4. 1 1
.
The hard domain of 4-80 sample is smaller, weaker, and more isolated than
the 4-50 sample. Plastic deformation is more easily induced in small weaker domains.
Due to the higher degree of phase mixing, more hard domain is involved in the
reorganization. About 22% of the hard segment domain was pulled out into the soft
matrix as shown in Figure 4. 13.
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Figure 4.8. Infrared Dichroic Spectra of 4-80 sample before stretching
1.2^
0.8
I 0.6
0.4
0.2
0
-0.2
T 1 1-
60% 0 dee
60'';, ^H) dog
60% sub
L.—i— 1 L
1800 1700 1600 1500 1400
Wavenumbers
1300 1200
Figure 4.9. Infrared Dichroic Spectra of 4-80 sample stretched at 60% Strain
88
1.2„
y 0.8
o
^ 0.6
<
0.2
1607oOdee
160% sub
J L
1800 1700 1600 1500 1400 1300 1200
Wavenumbers
Figure 4.10. Infrared Dichroic Spectra of 4-80 sample stretched at 160% Strain
80
% Strain
Figure 4. 1 1. The Orientation Function of Soft and Hard Domain
for the Polyurethane 4-80 sample
89
1 ih
0.8 -
T 1 r
• c-n
^ surface and dispersed uri\
* bulk o{ Um\\ dinu<iin
0.6 -
^ 0.4
*
.
* *
0.2
0
0 40
—I 1 1 1_
80 120
% Strain
160
gure 4. 12. Intensity Change within the Hard Domain vs. Dispersed Hard
Segments of 4-80 sample under Deformation
130
70
1 1 1 r T r r T ^ ' r
surface and dispersed hard tlt>niai
bulk of liard domain
J I I I I I L
0 40 80 120
% Strain
160
Figure 4. 13. Normalized Percentage Change within Hard
Domain vs. Dispersed Hard Segments for 4-80 Sample
90
Two other samples, including 4-50 and 6-80, were studied using infrai'ed
dichroism. The results are summarized in Table 4.1. At 100% strain, the percentage
change of the hard domain increases for higher volume fraction 6-series samples. Also
samples made at higher temperature showed larger change due to higher degree of phase
mixing.
Table 4. 1
.
The Percentage Change in the Weight Fraction of Hard Domain upon
Stretching
at 100% Strain at break
4-50 6% 14%
6-50 15% 19%
4-80 18% 22%
6-80 20% 20%
4.4. Conclusions
The deformation behavior of a polyether urethane urea system has been studied
using infrared dichroic measurement. In addition to the amide I region, the amide II
region was shown to be important for quantification of the deformation process on a
molecular level. The hard domain is not "undeformable" but it rather participates in
stretching throughout the deformation process, even at small strains. The interconnecting
hard domain region takes the load and distributes the stress evenly to eliminate stress
concentration. It is believed that the interfacial region and the degree of phase separation
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are crucial for the final mechanical properties of the material. Within the interfacial
region, the soft chains are constrained by hard segments. The effective hard domain
volume fraction increases and interconnectivity between hard domains contributes to the
higher modulus of the material. Upon deformation, the polyether soft chains transfer the
stress through the interconnecting interfacial region onto the bulk of the hard domain
during stress relaxation. The bulk of the hard domain tends to rotate transverse to the
stretching direction. The lower modulus of the interconnecting regions will experience
plastic deformation. This allows chains in these regions to slide away from the original
position or to pull out into the soft matrix and become dispersed hard segments. The
observation using infrared dichroism demonstrated large plastic deformation in the hard
domain. This explains the large hysteresis and stress softening effect for polyurethanes,
even at small strains. For design of high performance polyurethane materials, the
interconnecting morphology and the compromise between bulk hard domain and
interconnecting interfacial regions determines the final performance of the material.
Controlling the right morphology is important for obtaining high modulus and more
durable polyurethane materials.
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CHAPTER V
WATER TRANSPORT AND PLASTICIZATION MECHANISM
POLYURETHANES
5.1. Chapter Review
This chapter will cover the viscoelastic properties of polyurethane under humid
environment. It is important to understand how moisture causes the structural and
morphological change and thus affects the performance and mechanical properties of
polyurethanes. The study aims to explore the water plasticization mechanism and also
demonstrate again the importance of the interconnecting hard domain region to the
overall properties of polyurethanes. The preliminary stress relaxation data are presented
in Section 5.2 to understand the dry and "wet" samples. The swelling stress method
presented in Section 5.3 studies the moisture transport properties in polyurethane thin
films. The diffusion coefficient of water obtained using this method has been related to
the phase separated morphology. In Section 5.4, the swelling stress method is combined
with deuterium substitution, and the water plasticization mechanism is further
investigated. The increased accessible region of the hard domain and low recovery of
stress from the desorption process indicate the hard domain undergoes irreversible plastic
deformation at surface and interfacial regions in the stretched state, in addition to the
large softening effect in the soft matrix.
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5.2. Stress Relaxation Experiments
In a preliminary stress relaxation study shown in Figure 5.1, thin films of a 6-50
sample before and after water plasticization were stretched at 10% initial strain. The
strain rate was kept high and constant. The initial stress measured for the dry sample was
7.1 MPa. After water plasticized for 270 minutes, the initial stress was 5.9 MPa. The
results were normalized using the initial stress value and plotted on a log-log diagram
shown in Figure 5.2. The stress decay for the dry sample obeys a power law as shown in
Equation 5. 1
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Figure 5. 1 . Stress relaxation of 6-50 samples before and after hydration
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Even though a power-law relationship applies to a variety of systems, including foams,
the exact mechanism is still unknown. 1-3
Equation 5. 1 . (7(f) - 7.15^-0 oss
-0.6 '—I—I—I—I—I—I—I—I—I—I—1—1—I I I III..
0 1 2 3 4 5
log t (sec)
Figure 5.2. Log-log plot of stress relaxation of 6-50 sample
before and after hydration
was 6310 and 1230 seconds, respectively. The stress of the "wet" sample decayed five
times faster than that of the dry sample. Furthermore, at longer times the decrease of the
stress of the "wet" sample accelerates, which indicates plastic flow of the material after
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being plasticized. The viscoclastic response of the block copolymers is a direct
consequence of a plastic deformation of the hard phase. The soft matrix can be
considered to respond essentially in an elastic manner. 4-7 jhis phenomenon can be
attributed to water softening effects on the hard domain since the plastic deformation of
the hard domain contributes to the relaxation at longer times. The plasticization
mechanism will be discussed in more detail in the following sections.
5.3. Water Transport Properties
The swelling stress method has been shown to be an effective way to study the
transport properties of moisture in thin film samples. 8-10 For constant strain, the sample
is initially stretched to a certain strain. After stress relaxation to the steady state, water
vapor is introduced into the chamber, and the changes in stress monitored in situ. This
change in the stress is called swelling stress, which is associated with moisture diffusion.
It has been shown that the swelling stress is proportional to the mass uptake, and the mass
diffusivity can be retrieved from the data. ^
In Figure 5.3, a typical swelling stress experiment has been conducted on a
polyurethane thin film. A dry 4-50 sample was initially stretched at 20% strain and the
stress relaxed for about 10 hours. Moisture at 75% relative humidity was introduced into
the testing chamber. The sample showed a further decrease in stress soon after moisture
absorption. The second stage of the stress relaxation can be used to measure moisture
transport properties in polyurethane thin film.
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Figure 5.3. Swelling stress experiment on 4-50 sample
Based upon diffusion of small molecules in polymers studied at constant
temperature and vapor pressure, 1 1-14 increase in weight of a sheet of thin film of
thickness / and hence the rate of the mass uptake of water vapor. The solution of the
diffusion equation is written as:
Equation 5.2,
AA R 1
The application of this equation is based on the assumption that immediately the
thin film is placed in the vapor the concentration at each surface attains a value
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corresponding to the equilibrium uptake for the vapor pressure, and remains constant
afterwards. The value of the half time for which MJM^ = 0.5, is given by
Equation 5.3,
m ]_
In
16 9
Thus the diffusion coefficient D can be obtained as:
Equation 5.4, D = 0.049
2
Or using the initial slope, the diffusion coefficient can be calculated as:
Equation 5.5. = 3.14
{slope) {l)
-i2
In this way, the kinetics of stress decrease during moisture adsorption may be
followed and the transport properties of moisture in the polyurethane thin films can be
studied by initial slope and half-time methods. If the diffusion is Fickian, the diffusion
coefficient obtained by these two methods should be identical, but different for non-
Fickian diffusion.
As shown in Figure 5.4, the half time method was applied to obtain the diffusion
coefficient of water. The half time was 1778 seconds and the film thickness was 21
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|Lim. Using Equation 5.4, the diffusion coefficient was calculated as 1.22*10 '° cmVsec,
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Figure 5.4. Normalized plot to calculate mass diffusivity in half-time method
For short times, the plot depicted in the Figure 5.5 of M,/M„ vs. t^^ was linear
up to M,/M^ = 0.6. The initial slope was 0.018 s '^-, and using the initial slope method
of Equation 5.5, another diffusion coefficient value was obtained as 2.65*10"'" cmVsec.
The results are listed in Table 5.1.
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Figure 5.5. Normalized plot to calculate mass diffusivity in initial slope method
From Table 5. 1, the higher temperature sample apparently has a higher diffusion
coefficient, which suggests that the rate of water penetration is greater. Furthermore, the
results by two methods for the 50 °C sample are more consistent, indicating a Fickian
diffusion for the low temperature sample, while for the 80 °C sample, a large difference
in the diffusion coefficient results suggests a non-Fickian characteristic.
The diffusion behavior of moisture in polyurethane can be related to the phase
separated morphology. Water accessible regions for phase separated polyurethane thin
film at room temperature is largely in the soft matrix but partially also in the surface of
the hard domain and the boundary between hard and soft domains. Water diffusion
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follows Pick's law in these regions. This is found to be true for the samples made at 50
°C. The larger discrepancy in the diffusion coefficients for 80 °C samples by these two
methods suggests that moisture competes with hydrogen bonding in the soft matrix as
more hard segments are dispersed in the soft matrix due to an increase in the degree of
phase mixing. Thus, the diffusion behavior becomes non-Fickian.
Table 5.1. Diffusion coefficient obtained from swelling stress method
i-'Hiusnjii ^^oeIIlClenl
(cmVsec)
T _ * J. • 1 1
initial slope Half time
4-50 2.65*10'° 1.22*10-'°
6-50 2.38*10-"^ 9.18*10"
4-80 1.30*10"^ 2.31*10'°
6-80 6.24*10"^ 8.69*10'°
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5.4. Water Plasticization Mechanism
Combined with deuterium substitution, D,0 accessibility can serve as a probe to
indicate where water goes m the specific regions of the phase separated morphology of
polyurethanes. The real time infrared spectra are shown in Figure 5.6. The inaccessible
Figure 5.6. Infrared spectra of deuterium substitution on stretched 4-50 sample
region of the urea hard domain was 62% for a stretched 4-50 sample as shown in Figure
5.7. The accessible region was increased by around 10% compared to unstretched
samples. The same happened for 6-50 sample, in which the inaccessible region of urea
groups was 69%, an increase of 9% above the unstretched state. The increased
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accessibility suggests that the accessible hard domain regions underwent pL
deformation. Some hard segment chains were pulled away from the hard domain through
surface and interfacial regions. Thus more hard domain could be accessed.
0 100 200 300 400 500 600 700
Time (min)
Figure 5.7. Percentage of inaccessible region of 4-50 sample under stretched state
Based upon the deuterium substitution results obtained in the previous chapter,
the surface and interconnecting regions of the hard domain are accessible at room
temperature, and the surface region will be weakened. Infrared dichroism showed that
the hard domain tends to rotate transversely to the stretch direction under deformation.
16-18 j\^Q difficulty of rotational motion of the hard domains is related to the overall
modulus measured. It is expected that the hard domain can rotate more easily after
plasticization at the surface region. This could be one of the reasons for lower modulus
in water plasticized sample.
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Another interesting observation can be obtained by investigating the kinetics of
the extent of substitution reactions of both urea and urethane groups. Deuterium
substitution is a diffusion controlled chemisorption process. The kinetics of the extent of
substitution can be followed if we plot
^^^^ vs. r, as show in Figure 5.8, where Q,
0 5000 10000 15000 20000 25000 30000 35000 40000
Time (sec)
Figure 5.8. Kinetics of thte extent of substitution
is the initial intensity of a group and is treated as 100 after normalization; and Q^^^ are
the normalized intensity of the inaccessible regions at time t and in the equilibrium state.
Furthermore, the interaction of moisture with different regions of the separated
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morphology can be studied in a unique way as shown in Figure 5.9. The initial linear
slope for urethane groups suggested that the moisture interaction of urethane groups or
dispersed hard segments obeyed was Fickian, while that of urea groups, which is a glassy
state forming the hard domain, deviated and followed non-Fickian behavior.
0.7
0.6
cr
a;
CX 0.5
Io
g
S 0-4
cr
a 0-3
0.2 -
0.1 -
0
1 ^ ' I I ' ' ' '
I
—
f~-r
I '
I
' '
'
urea
urethane
-0.054149 + 0.0068125X R= 0.96554
J— ^ I I—I—I—
I I I I I I I I '
'
I . . I . ,
, I ,
0 10 20 30 40 50 60 70 80
SQRT t (sec^/^)
Figure 5.9. Kinetics of the extent of substitution
The interconnecting regions, either the small portion of the direct bridge from the
long segments or the disordered hard domain, are also vulnerable to moisture attack,
which could result in a decrease of interconnectivity. It can be concluded that both
weakening phenomena participated in stress depression and modulus decrease of the
plasticized samples. The weaker hydrogen bonds at the surface of the hard domain and
the interconnecting region can cause hard segment chains to slide away from the original
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position and pull out into the soft matrix. This could further induce plasticization in these
regions and progressive substitution can account for an increase in the accessibility of the
hard domain. Stress relaxation combined with deuterium substitution can reveal the
reinforcement of the physical network of the interconnecting hard domain moiphology.
It is expected that plastic deformation of the hard domain and decrease in the
interconnectivity within the plasticized sample could account for irreversible stress
recovery as shown in Figure 5.10. The initial stress was 5.8 MPa. After the first dry
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Figure 5.10. Swelling stress experiment of 6-50 sample including desorption
stage of stress relaxation for about 5 hours, the stress reduced to 3.5 MPa, a 40% decrease
from the initial value. Upon moisture plasticization at the second stage of about 5 hours,
a 32% stress depression from the equilibrium stress was observed. Finally only 3% of the
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stress recovered during the desorption procedure. We seek the contribution of the
interconnecting elements to both elastic and viscoelastic responses of polyurethanes. The
decrease in interconnectivity as a result of moisture weakening were largely attributed to
small recovery in the desorption period. Presumably the moisture could desorb from the
sample through the soft matrix. This phenomenon was also observed in the dynamic
creep experiment under cyclic moisture condition for automotive seating foam samples.
2,15,20-22
It should be noted that deuterium substitution does not indicate any contribution
from the soft matrix even though moisture diffuses through it. Since the amount of
moisture sorbed is proportional to the weight fraction of the soft matrix, indicating that
water is absorbed in this phase predominantly, the role of the soft matrix is substantial.
15. Our work emphasizes the role of the surface and the interconnecting regions of the
hard domain in the overall stress relaxation process under humid condition.
5.5. Conclusions
The swelling stress experiment has been conducted to understand the transport
properties of moisture in the polyurethane thin film samples. Using DjO as a probe
allows simultaneous study of where the absorbed water is and the extent of interaction
with specific regions of the hard domain. It is known that the surface and interfacial
regions of the interconnecting hard domain morphology are accessible. The excess
accessibility of the hard domain morphology of a thin film sample upon stretching
compared with that of the undeformed sample suggests that the hard domain undergoes
large plastic deformation in these regions where under stress. The small irreversible
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stress recovery at desorption period indicates a large decrease in the interconnectivity of
the hard domain morphology. The diffusion coefficient of moisture in the polyurethane
thin films can be determined by swelling stress measurements. The emphasis on the hard
domain contribution to lower mechanical properties under water plasticization has been
presented.
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CHAPTER VI
HIGH PERFORMANCE POLYURETHANES INCORPORATING LIGNIN
6.1. Chapter Review
Based upon our understanding of the interconnecting hard domain morphology in
the previous chapters, lignin can function as a reinforcing component that effectively
enhances the polyurethane materials. This chapter will describe how lignin incorporates
into polyurethanes.
m
m
Lignin is a polymer consisting of both aromatic and aliphatic portions. It exists
wood as a random three-dimensional network of phenylpropane units linked together i
different ways. Lignin is a high-impact strength, thermally resistant thermoset polymer
with elastic modulus estimated as 6.6 GPa and a glass transition temperature ranging
from 127-193°C. 1'2 It is the skeletal substance of plants and the second most abundant
biopolymer after cellulose in nature. Lignin imparts a number of desirable qualities to
wood, such as strength. 3 A structural analysis of lignin is carried out in Section 6.2. In
Section 6.3, the miscibility and dispersion of lignin in polyol is found to be crucial for
effective incorporation of lignin to enhance the properties of polyurethanes. Several
studies that include DSC, FTIR, optical microscopy, and viscosity will be presented in
the section. Finding the optimized processing condition to make lignin incorporated
polyurethane plaques is discussed in Section 6.4. The catalyst package is the important
issue to be solved because the diversity of functionality of lignin affects the catalytic
ability for urethane chemistry. A better plaque sample can be made once the above two
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issues have been addressed and the morphology and mechanical properties of the
polyurethane with lignin incorporated are evaluated in the same section. The reinforcing
mechanism after incorporating lignin is explored in Section 6.5. The thermal
performance of the plaque samples is also investigated.
6.2. Structural Analysis of Lignin
The major structural units for the hardwood and softwood lignins were studied by
NMR and infrared spectroscopy. The results are shown in Figures 6.2 - 6.4. The
hydroxyl groups can be best characterized using infrared spectroscopy as identified with
a broad O-H stretching region at 3600-3100 cm '. The absorption band in the region
1700-1720 cm"' suggests that there is some contribution from non-conjugated keto groups
in the p-position of the phenylpropane side chain. 4 The abundance of
Figure 6.1. Chemical structure of guaiacyl group
guaiacyl groups in softwood lignin is indicated by its characteristic band at 1275 cm'".
The chemical structure of guaiacyl group is shown in Figure 6.1. ^ The aromatic
methoxy groups in hardwood lignin are suggested by an infrared band at 1 190 cm '.
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Figure 6.2. FTIR spectrum of lignin samples (Nujol)
The NMR results further verified the existence of certain structural features, such
as CH3CO-,
-OCH3, -OCH2-, in the hardwood and softwood lignin. Based upon the
difference in the chemical shift, the ratio of aromatic (between 6 and 8 ppm) to aliphatic
(between 0 and 2.5 ppm) could be estimated from integration results. It was found that
the ratio was 2.0 for hardwood lignin and 1.6 for softwood lignin. The ratio is believed to
be an important parameter of thermostability of lignin samples. ^
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It is these structural features that impart lignin with multi-functionality for
potential chemical reactions and interactions with other polymeric matrices. The
excellent colloidal and rheological properties of lignin particles allow the incorporation
of lignin into various polymeric matrices and may eliminate the small local defects for
better reinforcement. V High aromatic content imparts high stiffness to the materials thus
enhancing the properties and possibly thermostability and flame retardance. Lignin can
often be used as an organic filler or incorporated into copolymers and polyblends. 8-10
The drawback of lignin, however, is its chemical and molecular weight inhomogeneity
due to different resources and processing conditions. 7
6.3. The Miscibility and the Dispersion State of Lignin in Polyol
Reinforcement, defined by Parkinson, will imply the incorporation into rubber of
substances having small particles which give to the vulcanizate high abrasion resistance,
high tear and tensile strength and some increase in stiffness. 1 ^ The major limitations of
lignin in the application to polyurethane systems are its miscibility with polyol and the
change in the reaction kinetics of polyurethane chemistry. Microscopic studies of the
reinforcement of elastomers by fillers involve the determination of (1) the size and shape
of the filler particles, (2) their distribution or dispersion, (3) filler-polymer wetting
phenomena, (4) the adhesion of a filler particle to the matrix. ^2, 13
The mechanical behavior of polymer reflects both bulk and localized changes in
polymer structure. While elastic modulus is an integral characteristic of a material,
strength and toughness are sensitive predominantly to the presence of relatively tiny
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structural defects. 14 The primary failure mode for a polymer-filler composite is usually
interfacial debonding. The stress concentration at the local defects lowers the strength of
the material. 15,16 Therefore the dispersion of lignm m polyol before polymerization is
very important. Furthermore, the dispersion and miscibility of lignm with polymeric
matrices is important in determining uniformity and structural material properties of
lignin incorporated polymers. 1^
It has been reported that the chemical modification of lignin by hydroxyalkylation
- forming hydroxypropyl lignin derivatives - builds toughening elements and improves
the viscoelastic properties as prepolymers. 18,19 Another method described lignin
dissolved in a suitable solvent, such as glycol and reacted with diisocyanate. 20 Also
through chemical grafting, the preparation of renewable polymer-synthetic polymer graft
copolymers of controlled structures with precise control has been developed. 21 it is
found that by heating the dispersion state of lignin can be improved in certain polyol
systems. Among the methods reported above, which includes chemical modification,
using solvent, chemical grafting and heating, the most economical approach is obviously
the heat treatment, since it eliminates the synthesis, purification and extraction steps of
the others.
The dispersion state of lignin in polyol is strongly affected by the intra- and inter-
molecular interactions and is studied using optical microscopy and infrared spectroscopy,
In Figures 6.5-6.6, it is found that before heat treating, the direct mixing sample has
lignin particles estimated at the range of 17±3 |Lim size dispersed in the polyol. After
heating with stirring, the size of lignin was reduced to 5±1 |Lim and was dispersed in
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Figure 6.5. Optical microscopy image of 5% hardwood lignin
direct mixed in polyol (100 |j,m bar)
Figure 6.6. Optical microscopy image of 5% hardwood lignin
in polyol after heat treatment (100 |a.m bar)
polyol in a more homogenous way. Before heat treatment lignin forms aggregates
through intra- or inter-hydrogen bonding. These hydrogen bonds, however, can be
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disrupted and reorganized upon heat treatment and the new interactions with the ether
chains and the hydroxyl group of polyol improve the miscibiUty. This is evident by the
infrared measurements of these mixtures under controlled thickness of 50 |im, as shown
in Figure 6.7. Before heat treatment, the mixture of hgnin and polyol simply showed
addition in the free hydrogen bonding
Figure 6.7. Infrared spectra of lignin incoiporated polyol (0-H stretch region)
hydroxyl stretching band at 3588 cm '. After heat treatment, there was an obvious
decrease in the intensity of the free hydrogen bonding band, with a corresponding
increase in the hydrogen bonding component of the hydroxyl stretching at lower
frequency (3400-3200 cm '), suggesting that the hydrogen bonding between lignin and
polyol was promoted by heat treatment. For 10%wt lignin sample, the decreased free
1 19
hydrogen bond component and increased hydrogen bonded component showed hydrogen
bonding was enhanced between lignin and polyol.
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Figure 6.8. DSC curves of lignin incorporated polyol samples
Differential scanning calorimetry (DSC) is often used to study the miscibility of
two different polymers. DSC results are shown in Figure 6.8. For pure polyol Voranol
3137, the Tg appeared at -67 °C. After direct mixing with 5% of hardwood lignin, the
Tg showed no shift and stayed at -67 °C, indicating that the two polymers were not
miscible. The Tg of a polyol sample with 5% Dynacoll 7360 showed no shift and
remained at -67 °C. After lignin was mixed with polyol and the mixture heated to 80 °C
for an hour, the Tg showed a small shift to -66 °C. When the lignin content was
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increased to 10%, the Tg shifted to -65 X. The errors involved in these measurements
were less than 1 °C and Tg increased shghtly after incorporating lignin. This suggests
that the miscibility between lignin and polyoi was improved.
Viscosity measurement were made to measure the viscosity change upon
incorporation of lignin. The results are plotted in Figure 6.9. The polyoi and the mixture
of polyoi and 5% lignin acted as Newtonian fluids. The viscosity of pure polyoi was 0.37
Poise (Pa- S) at room temperature and decreased as temperature increased. The sample
mixed with 5% Hardwood lignin after heat treatment showed the highest viscosity
measured at ambient temperature. Possibly the hydrogen bonding enhances the
interactions between lignin particles and polyoi chains restricting mobility of polyether
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Figure 6.9. Viscosity measurements of lignin incorporated polyoi samples
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chains. The viscosity before heat treatment was lower due to lack of interactions shown
in the infrared spectrum. It is interesting to note that for samples heated to 80 °C or
above there was a small increase in the viscosity. The Guth equation 6.1 predicts the
behavior of the unheated mixture very well. Upon heating, the viscosity increases at all
temperatures measured, suggesting an increase in viscosity for the heated samples
Equation 6.1. + 2.5c + 14.1c']
where 77* and 77 are the viscoisty of the emulsion and solvent, and c is the volume
concentration. At higher temperature above 70 °C, the hydrogen bonding weakened thus
the viscosity followed the Guth prediction well.
Heat treatment of the mixture of lignin and polyol improved the dispersion of
lignin into polyol. The specific interaction through hydrogen bonding improved the
wetting properties of unmodified lignin into polyol and later adhesion between lignin and
the polyurethane matrix in reactive processing.
6.4. The morphology and physical properties of lignin incorporated polyurethane plaques
Polyurethane plaque samples were made to study the mechanical properties of the
material. Stress-strain curves were obtained for each of these samples. Before
optimizing the catalyst packages, the mechanical properties from the stress strain curve
are summarized in Figures 6. 10-6. 1 1 and Tables 6. 1-6.2. 4-50 sample has fewer hard
segments, and both the modulus and the strength decreased for those direct mixing
samples. The more lignin was incorporated, the lower the strength the sample could
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Figure 6.10. Mechanical Properties of 4-50 Plaques Incorporated with lignin
Table 6. 1. Mechanical Properties of 4-50 Plaques Incorporated with lignin
Modulus (MPa) Tensile Strength
at 100% Strain (MPa)
Elongation (%)
4-50 37 7.2 352
4-50, 2.5% Hwdlgn,
(Direct Mix)
31 5.8 206
4-50, 5% Hwdlgn,
(Direct Mix)
27 5.2 200
4-50, 10% Hwdlgn,
(Direct Mix)
64 Failed 47
4-50, 5% Hwdlgn,
(Methanol)
13 4.0 262
4-50, 10% Hwdlgn,
(Methanol)
23 3.6 204
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Figure 6.1 1. Mechanical properties of 6-50 plaques incorporated with lignin
Table 6.2. Mechanical Properties of 6-50 Plaques Incorporated with lignin
Modulus (MPa) Tensile Strength
at 100% Strain (MPa)
Elongation (%)
6-50 94 9.8 288
6-50, 5% Hwdlgn,
(Direct Mix)
109 8.2 154
6-50, 10% Hwdlgn,
(Direct Mix)
138 Failed 39
6-50, 5% Hwdlgn,
(Methanol)
57 6.2 452
6-50, 10% Hwdlgn,
(Methanol)
104 6.6 243
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achieve. When 10 wt% of lignin was incorporated, the material failed at much lower
stram level. These samples lost elastomeric properties after incoiporation of lignin. For
6-50 sample which contains higher volume fraction of the hard segments, the modulus
showed improvement but the strength suffered a large decrease. Similarly at 10 wt%
lignin incorporation, the sample broke at early strain before 50%.
Methanol (CH3OH) was chosen to improve the mixing. The solvent was removed
after mixing by vacuum distillation. However, it is suspected that residual solvent in the
polyol mixtures participated in the polyurethane reactions. It was found that the modulus
decreased and the strength decreased almost 50% for the final polyurethane materials.
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Figure 6. 12. ATR-FTIR spectra of lignin incorporated polyurethane plaque
samples (before raising the catalyst levels)
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Therefore using solvent to improve miscibility is not a suitable approach.
In order to understand the decrease in the mechanical properties of these samples, the
phase separated morphology was characterized by using ATR-FTIR as shown m Figure
6.12. It is clearly noticed that the 1640 cm ' band representing the ordered hard domain
was decreasing as more lignin was mcorporated into the polymer matrix. Incorporating
lignin destroyed the phase separated morphology of the polyurethane matrix. In addition,
poor dispersion and adhesion between lignin and polyurethane matrix generated local
defects and resulted in poor reinforcement. For 4-50 sample, this effect was more
substantial since lower volume fraction of the hard domain existed in the material. After
losing the reinforcing hard domain, the mechanical properties decreased significantly.
One possible reason for the poor final morphology is that the diversity of
functionality of lignin hampers the catalytic activity of common organotin and amine
catalysts. The function and mechanisms of the catalyst package are discussed in
Appendix B. It is found that using the normal amount of catalysts, the reaction
proceeded very slowly and was not suitable for foam applications and plaque preparation.
The mechanisms are: (1) The surface active properties of lignin compete with stannous
octanoate for action on the hydroxyl groups of the polyol. (2) The acidity of lignin
compounds reacts with amine catalysts before the catalytic activity becomes effective.
When using the normal amount of catalyst, smaller amounts of catalyst was available to
water, polyol and isocyanates, the foaming process slowed and so did the curing process.
This led to poor final phase separated morphology as shown in Figure 6.13, and in
decreased chemical crosshnking, which resulted in the lower mechanical properties
observed.
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Figure 6.13. Morphological picture of lignin incorporated polyurethanes (poor mixing)
To optimize process conditions, foam rise and curing time are important issues.
Better phase separated morphology is required to obtain enhanced mechanical
properties of polyurethanes. By raising the catalyst level, these problems could be
overcome. The morphology before and after optimizing the dispersion state and process
condition was studied using ATR-FTIR. The spectra are shown in Figure 6.14. By
raising the catalyst level, 2X, 3X, 4X, the degree of phase separation showed significant
improvement. The 1640 cm"' band was sharp, indicative of a well phase separated
morphology. By investigating of the ratio of 1640 cm ' band and the urethane amide I
band, the degree of phase separation can be roughly estimated. Double or triple amounts
(2X and 3X) of the catalyst packages gave the most phase separation. At 4X, the degree
of phase separation decreased to some extent, probably due to the faster exothermic
V
reaction and higher temperature profile.
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Figure 6. 14. ATR-FTIR spectra of lignin incorporated polyurethane plaque
samples (after raising the catalyst levels)
The mechanical properties of the plaque samples have also been evaluated usi
the stress-strain curve. The modulus and strength of the material is summarized in
Figures 6. 1 5-6. 1 6 and Tables 6.3-6.4.
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Strain
Figure 6. 1 5. Mechanical properties of lignin incorporated 4-50 polyurethane pi
samples (after optimized processing condition)
Table 6.3. Mechanical properties of lignin incorporated 4-50 polyurethane plaque
samples (after optimized processing condition)
Modulus (MPa) Tensile Strength
at 100% Strain (MPa)
Elongation (%)
4-50 39 7.0 351
4-50, 5% Hwdlgn,
Direct Mix
41 6.0 285
4-50, 5% Hwdlgn,
Heating
63 8.1 270
4-50, 10% Hwdlgn,
Direct Mix
37 6.3 245
4-50, 10% Hwdlgn,
Heating
53 7.5 390
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The Hgnin incorporated samples demonstrated higher modulus and strength after
increasing the catalyst, compared with previous results. The elongation is generally
affected by local defects in the sample. The direct mixing samples showed lower
elongation. After heat treatment, defects are decreased.
It is important to note that after improving the miscibility of lignin and polyol,
and optimizing the process conditions, both the modulus and strength have shown
increase for 5% hardwood lignin incorporated samples, compared to the direct mixing.
30
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Figure 6. 16. Mechanical properties of lignin incorporated 6-50 polyurethane plaque
samples (after optimized processing condition)
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Table 6.4. Mechanical properties of lignin incorporated 6-50 polyurethane plaque
Modulus (MPa) Tensile Strength
at 100% Strain (MPa)
Elongation (%)
6-50 108 y. 1 388
6-50, 5% Hwdlgn,
Direct Mix
65 5.8 181
6-50, 5% Hwdlgn,
WpQfin a
160 12.1 373
6-50, 10% Hwdlgn,
Direct Mix
95 8.5 325
6-50, 10% Hwdlgn,
Heating
124 8.8 325
For 4-50 sample, 60% of the modulus increase and 15% of the strength increase at
100% strain can be found for the improved lignin mixing sample. The same for the 6-50
sample, 48% of the modulus increase and 24% of the strength increase can be found for
the sample after the heat treatment.
When 10% lignin was incorporated into the polyurethane, the catalyst package
seemed not to be able to overcome the perturbation of lignin particles. This resulted in
slower morphology development and final cure of the samples. For 4-50 sample, higher
strength at 100% strain was found but at higher elongation the strength was lower than
the original sample. Overall, the 10% lignin incorporated polyurethane samples were
stiffer with some sacrifice in the strength.
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6.5. Reinforcing mechanism
In earlier studies, the increase in Tg of the soft matrix was attributed to -
vitrification of the hard domain. 23-25 por both the 4-50 and 6-50 samples, about 20 °C
increase in Tg on polymerization is strong evidence of hard domain vitrification. 26-28
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Figure 6. 17. DSC curves of lignin incorporated polyol
Before incorporating lignin the glass transition temperature for the soft matrix was at -Al
°C for the 4-50 sample. The DSC curve is shown in Figure 6. 17. After incorporating
lignin with improved dispersion, the Tg remained at ^7°C. The soft matrix was not
strengthened by lignin, even though the miscibility was improved through hydrogen
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bonding. In fact, the active functional groups of iignin could serve as many anchor sites
to react with the isocyanate groups to bridge among the hard domains, thus enhancing the
interconnectivity.
The DSC results for the direct mixing samples showed a surprisingly opposite
trend, and the Tg appeared at lower temperature at -49 °C. One possible reason is the
lignin as a separated phase could consume isocyanate groups and showed little effect on
the enhancement of soft domain. As a result, less isocyanate was available for the polyol,
and the increase in Tg was diminished.
Figure 6.18. Morphological picture of lignin incorporated polyurethanes
(interconnectivity enhanced)
The reinforcing mechanism in lignin incorporated polyurethanes is suggested in
Figure 6.18. The lignin functions as hard segments. The multiple reaction sites in lignin
provides anchors for the reactions between lignin and isocyanate that could enhance the
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interconnectivity with the hard domains. Compared whh the polyurethane sample
without added lignin, the unchanged Tg of the soft matrix of the miscible lignin
incorporated polyurethane suggested that lignin did not effectively reinforce the soft
matrix but played an important role as the hard segments and enhanced the
interconnectivity. The mechanical properties were thus improved.
The fractured plaque sample morphology was studied by scanning electron
microscopy (SEM) on the fractured surface of the tensile bar. The results are shown
Figure 6. 19. Fractured surface of tensile bar from 6-50 polyurethane sample
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gure 6.20. Fractured surface of tensile bar from 5% lignin incorporated 6-50 sample
(direct mixing and poor catalyst package)
Figure 6.21. Fractured surface of tensile bar from 5% lignin incorporated 6-50 sample
(direct mixing and improved catalyst package)
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Figures 6.19
- 6.23. The fracture surface of ,he original sample is shown in Figure 6.19.
The surface was smooth and no features could be found as expected at the scale the
sample was amplified.
les as
For 5% lignin direct mixing with poor phase separation polyurethane sampl,
shown in Figure 6.20, large Hgnin aggregates up to 70 were dispersed in the
polyurethane matrix. Poor adhesion between particles and matrix appears as a clear
boundary observed on the fractured surface. Therefore local defects lowered the strength
of this composite material and gave the potential for early failure.
A sample of 5% lignin direct mixing with good phase separation morphology
after raising the catalyst level is shown in Figure 6.21. The fact that fewer large particles
could be observed at the fractured surface suggests that the higher catalyst level improved
the dispersion state of lignin, which may be attributed to the higher temperature profile at
higher catalyst level. Improved dispersion decreased the local defects. Thus the strength
of the material was enhanced.
For 5% lignin mixed sample after heat treatment and optimized processing
condition, a significant change in the SEM image can be noted in Figure 6.22. First the
lignin particles were more homogeneously distributed throughout the polyurethane
matrix after the heat treatment. The lignin particle size decreased tremendously. At
higher magnification as shown in Figure 6.23, no clear boundary could be observed
between lignin and matrix on the fracture surface, indicating good adhesion.
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gure 6.22. Fractured surface of tensile bar from 5% lignin incorporated 6-50 sample
(heat treatment and improved catalyst package)
Figure 6.23. Fractured surface of tensile bar from 5% lignin incorporated 6-50 sample
(heat treatment and improved catalyst package), higher magnification
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In conclusion, good dispersion and improved specific interactions between lignin
and polyol are essential to improve the adhesion between lignin and the polyurethane
matrix and to minimize local defects. Lignin as a reinforcing component had little effect
on the soft polyether chains, but functioned as the hard segment or multi-crosslmlcer to
improve the interconnectivity between hard domains. In addition, the final phase
separated morphology of polyurethane matrix was crucial for enhancing the mechanical
properties of polyurethane materials.
The thermal stability of the polyurethane plaques was also studied using thermal
gravimetric analysis(TGA) and the results are shown m Figure 6.24. It can be noted that
the hardwood lignin started to decompose at around 150 °C and left 40 wt% of residues
up to 600 °C.
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Figure 6.24. TGA analysis of lignin incorporated 6-50 polyurethane samples
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The decomposition temperature of lignin mcorporated polyurethane 6-50
.samples
showed no change, below 300 °C, but the amount of residues increases slightly with
lignin content.
6.6. Conclusions
Lignin has been successfully incorporated into polyurethane to strengthen
polyurethane materials. After improving the miscibility and dispersion of lignin in polyol
and optimizing the processing conditions, including catalyst, both the modulus and
strength can be enhanced for 5% hardwood lignin incorporated samples. The reinforcing
mechanism is explored. Rather than strengthening the soft matrix, the lignin is most
likely to function as the hard segment domain to achieve interconnectivity with the
ordered urea domains. In addition, the phase separated morphology of the polyurethane
matrix should be maintained to enhance the properties of the composite material. The
success of incorporating lignin into polyurethane gives the potential of reduction in
isocyanate consumption in polyurethane productions. Also it provides a new route to
utilize this biomass effectively.
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CHAPTER VII
CONCLUSIONS AND FUTURE WORK
7.1. Conclusions
The morphology and physical properties of polyurelhanes have been studied in
this work. Deuterium substitution has been used to study quantitatively the dispersion
state of the interconnecting hard domain morphology. The surface, the disordered hard
domain and the bulk hard domain have been specified for samples made at different
temperatures. Based upon the new morphological picture, in addition to the direct
bridges from the longer hard segments, the disordered hard domains can function to
interconnect the ordered hard domains or between hard domain and soft matrix. The
difference in the morphological features of samples made at different temperatures is
attributed to the difference in the physical properties of the final materials. The degree of
phase separation and the interconnecting region of the hard domain are determining
factors for the mechanical properties of polyurcthancs.
The deformation behavior of polyurcthancs has been studied using infrared
dichroic measurement. In addition to the amide I region, the amide II region has been
shown to be important for the c|uanlification on the deformaliou process. The hard
domain is not "undeformable" but participates in stretching throughout the deformation
process. Even at small strains, the interconnecting hard domain region takes the load
from the soft polyelher chains and distributes the stress evenly to eliminate stress
concentration. Within the interfacial region, the soft chains are constrained by hard
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segments, thus the effective hard domain volume fraction mcreases and mterconnectivity
between hard domains contributes to a higher modulus of the material. It is known that
the bulk of the hard domain tends to rotate transverse to the stretching direction. The
lower modulus of the interconnecting regions will experience plastic deformation. As a
result, the hard segment chains in these regions slide away from the original position or
pull out into the soft matrix and become dispersed hard segments. This points to an
explanation of the large hysteresis and stress softening effect for polyurethanes found
even at small strains. For high performance polyurethane materials, the interconnecting
morphology and the compromise between bulk hard domain and interconnecting
interfacial region determines the final performance of the material. Control of the right
morphology is important to obtain higher modulus and more durable polyurethane
materials.
The importance of interconnecting region of the hard domain to the overall
properties of polyurethanes is further revealed from the stress relaxation experiment
under humid environment. DjO can be used as a probe in order to study simultaneously
where the absorbed water is and the extent of interaction with the specific regions of the
hard domain. The surface and interfacial regions of the interconnecting hard domains are
accessible at room temperature. The excess accessibility of the hard domain in stretched
thin film samples compared with that of the undeformed sample suggests that the hard
domain undergoes large plastic deformation under stress. The small irreversible stress
recovery on desorption suggests tremendous decrease in the interconnectivity. The
diffusion coefficient of moisture in the polyurethane thin films was determined by
swelling stress measurements. Deuterium substitution does not indicate any contribution
from the soft matrix even though surely moisture diffuses through the soft matrix.
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Emphasis on the hard domain contribution to the lower mechanical properties under
water plasticization has been presented.
Lastly, the lignin has been successfully incorporated into polyurethane to improve
the mechanical properties of the materials. The miscibility and dispersion of lignin in
polyol and the optimization of the processing conditions, including catalyst use, are
crucial issues to be solved for effective incorporation of lignin. It is found that both the
modulus and strength increase for 5% incorporated lignin polyurethane samples. The
reinforcing mechanism is also explored. Rather than strengthening the soft matrix, the
lignin is most likely to function as the hard segment domain to achieve interconnectivity
with the ordered urea domains. The phase separated morphology of the polyureth;
matrix should be maintained to enhance the properties of this composite material,
lane
7.2. Future Work
There is no doubt that the interconnecting morphology is the key for the
reinforcement in polyurethane phase separated morphology. There are many different
ways to enhance the interconnectivity as Figure 1.2 depicted. In this dissertation, the
emphasis on the contribution of the hard segment domain has been presented. Further
improvement can start from the weakest link, the soft segment domain. The introduction
of the crystallizable polyester polyol as the new candidate for soft segment could possibly
enhance the soft domain. ^"4 The "hardening" of the soft matrix can achieve better
interconnectivity throughout the phase separated morphology. ^
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In addition to making polyblends such as incorporating lignin or
polyhydroxybutyrate (PHB), copolymerization of crystallizable ester units or oligomers
into the backbone of the polyol system could be effective. This not only strengthens the
soft matrix intrinsically, but also provides a new route to form the physical network of the
entire phase separated morphology. The ciystallization kinetics and the crystallizing
domain of those ester segments within the soft chains become an important subject to
pursue for reinforcement. Since ciystallization will compete against phase separation,
various processing conditions need to be investigated. 6,7
Infrared spectroscopy has been shown to be one of the most powerful techniques
to study polyurethane materials. The band assignment of the complicated phase
separated morphology of polyurethane can be further improved by simulation. 8-10
Using normal coordinate analysis of better model compounds, a more detailed band
assignment that is associated with different regions of the hard domain can possibly be
accomplished. 1 ^ Therefore more complete analysis can be performed on the
complicated polyurethane morphology.
The stress relaxation experiment certainly provides a unique way to investigate
the hard domain reinforcement. If an establishment can be built that the difference in
time scale of the relaxation spectra with different hard domain regions, the contributions
of the interconnecting hard domain morphology can be explicit in more detail. The
calculation of the relaxation spectra will be necessary for further studies. 12-15
Miscibility is one of the fundamental issues in the production of polyurethanes.
Beginning with water and polyol, the chemical composition and blockiness of ethylene
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oxide in the backbone of polyol have shown strong effect on the dispersion of water
molecules in the polyol/water mixture. 16-18 p,, ^,1,, ^^^^^ components to be
incorporated into the soft matrix, the miscibility issue not only affects the dispersion
within the soft matrix before the reactive processing, but also determines the final
interconnecting morphology of the multi-component system. The miscibility issue is also
a matter of domain size of different components that coexist in the entire system. Using
scattering and spectroscopy techniques, the domain organization and interactions between
different domains can be characterized to understand the reinforcement from each
component. 19-21
The quantitative description of interconnectivity in affecting the physical
properties of polyurethanes, such as modulus, hysteresis and wet compression set, is the
ultimate goal of this research. However, not until those above issues have been solved
will the reinforcement of the interconnecting hard domain morphology be understood
completely.
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APPENDIX A
BASIC POLYURETHANE FOAM COMPONENTS
Flexible polyurethane foam recipes normally contain a host of ingredients, as
listed m the following table, selected to aid in achieving the desired grade of foam. To
understand these components and their functions can serve as a guide for new product
design and improvement.
A.l. Formulation Basics for Flexible Polyurethane Foams 1
Component
Parts by Weight
Polyol
100
Inorganic Fillers 0-150
Water 1.5-7.5
Silicone Surfactant 0.5-2.5
Amine Catalyst 0.1-1.0
Tin Catalyst 0.0-0.5
Chain-extender 0-10
Cross-linker 0-5
Additive Variable
Auxiliary Blowing Agent 0-35
Isocyanate 25-85
Polyol is a source of hydroxy! or other isocyanate reactive groups, such as amine.
Ninety percent of all flexible foams produced today are made from polyether type
polyols. ^ '2 Another commonly utilized polyol is polyester polyol.
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Isocyanate provides the source of NCO groups to react with functional groups
from the polyol, water, and cross-linkers in the formulation. 3,4 flexible foams, the
isocyanate most commonly used is toluene diisocyanate (TDI). The two isomers are
illustrated in Chapter 2. Another common isocyanate is diphenylmethane diisocyanate
(MDI) which is often used in high resiliency, semiflexible and micro-cellular foams, and
adhesives. The chemical structure is shown in Figure A.l.
OCN' \\ /) ( (v A NCO
Figure A. 1
. Chemical structure of MDI
Chain extender uses only demineralized water in the foam formulation. Some
short chain diol or diamines, e.g. 1,4-butane diol, are often found in the production of
polyurethane or polyurea.
Isocyanate Index is the amount of isocyanate required to react with the polyol
and any other reactive additives is calculated in terms of stoichiometric equivalents.
^ . ,
, ^ ^ ,
Actual amount of isocyanate used . _ _
Equation A. 1 . Isocyanate Index = x lUU
Theoretical amount of isocyanate required
Variation of the index in the foam has a pronounced effect on the phase separated
morphology and thus the physical properties, such as hardness of the final foam. The
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increase in hardness has been shown to be directly related to increased covalent
crosslinking, resulting from more complete consumption of isocyanate reactive sites
caused by the presence of excess isocyanate groups. In general, foam becomes harder
with increasing index as more isocyanate groups available for the hard segments. There
is, however, a point beyond which hardness does not increase and other physical
properties begin to suffer. In the production of flexible slabstock foams, the isocyanate
index normally ranges from 105 to 115. The ability of excess isocyanate groups to react
and build further load is dependent on the ambient humidity conditions during foam cure,
5,6
Catalyst will be covered in Appendix B.
Surfactant is an indispensable component to make flexible foams. The non-ionic
and silicone based surfactants serve to stabilize the cell-walls of the rising foam and
prevent the coalescence of rapid growing cells until those cells have attained sufficient
strength through polymerization to become self-supporting, i Surfactants also help to
control the precise timing and the degree of cell-opening. Selection of a surfactant or
surfactant combination for any given foam system is a task requiring literature review,
supplier consultation and small-scale foam experimentation. ^-8
Fillers, such as finely divided inert inorganic fillers are often purposely added to
foam formulations to increase density, load bearing and sound attenuation, with the
sacrifice of other physical properties. ^ Depending on the nature of the filler, the overall
cost of the final foam may be reduced.
150
Crosslinker are molecules that tie chains together to form branched chains or
polymer networks, such as diethanolamine (DEOA). 1
1
Additives can be incorporated into a foaming system to impart specific desired
properties, including colorants, UV stabilizers, flame retardants, bactenostats,
plasticizers, cell-openers, anti-static agents, etc. 1
Auxiliary blowing agents may be used in a foam formulation to aid in attaining
densities and softness not obtainable with conventional water-isocyanate blowing
chemistry. 12 Auxiliary blowing agents function as a heat sink for the exothermic
reactions, vaporizing and providing additional gas useful in expanding the foam to a
lower density. 13,14
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APPENDIX B
CATALYSIS
Catalysts are employed whose functions are not only to bring about faster rates of
reaction but also to establish a proper balance between the chain-propagating reaction
(primarily the hydroxyl-isocyanate reaction, gelling reaction) and the foaming reaction
(isocyanate-water reaction in the case of flexible foams, blowing reaction). 1-1 1 If
gelling reaction occurs too fast, it will result in a closed cell and shrinkage. If a blowing
reaction is too fast, it could results in collapse. Therefore a balance has to be established
between polymer growth and gas formation in order to entrap the gas CO^ efficiently and
to develop sufficient strength in the cell walls at the end of the foaming reaction to
maintain their structure without shrinkage or collapse. Another important function of
catalysts is to bring about completion of the reactions, resulting in an adequate "cure" of
the polymers. Completion of cure results in maximum strength properties, minimum
compression set, and optimum chemical and weathering resistance. 12
Based upon the above fundamental demands, a catalyst system should
(1 ) allow a sufficient cream time. (The time between discharge of the foam ingredients
from the mixing head and the beginning of the foam rise. At this point, the surface of the
liquid will change color, usually turning lighter as a results of saturation of the liquid with
evolving gas) (2) permit the attunement of cream time, rise time, rise profile and curing
make possible changing the foam properties within a certain range. (3) have no
disadvantages such as toxicity, odor or reducing the aging stability of the foam. 1^
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The catalyst system used throughout this thesis reseai'ch is a combination of
tertiary amine and organotin compound catalyst package. The catalytic mechanism of
organotin and amine catalysts has been proposed in the literature. XXX
R' N=C=0
NR
R'
R'
O0
@
NR-
O
0
N C NR3
O R"
H O
R' N—C—O—R"
H
NR
Figure B. 1. Catalytic mechanism of amine catalyst
The catalytic activity of amines is due to the presence of a free electron pair on
the nitrogen atom. Steric hindrance about the nitrogen atom and the electronic effects of
substituent groups are the main factors influencing the relative catalytic activity of
various amines. First proposed by Baker and Holdsworth in 1947, the mechanism, as
illustrated in Figure B.l, proposes reversible nucleophilic attack on the carbon atom by
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the amine to form an activated complex. With aromatic isocyanates the carbonyl and
aromatic groups both have moderate electron-withdrawing effects. With the formation of
an amme-isocyanate complex, the nitrogen atom of the isocyanate group is activated and
readily reacts with hydrogen atoms from any water or polyol sources in the vicinity.
A more recent mechanism (Figure B.2) is presented by Farkas and Strohm. 14 ^
involves the formation of an amine-active hydrogen complex. This latter mechanism
supports the observed increase in catalytic activity of an amine with
R" OH NR
R' N—C O R"
H
NR
6 Q
R" O --H •• • NR3
R' N=C=0
R' N=C O0
+ R" OH
NR.
Figure B.2. Catalytic mechanism of amine catalyst
increasing basicity. Tertiary amine accelerates the isocyanate-water reaction more
intensely than the isocyanate-polyol reaction because they form more stable hydrogen
bonds with water. ^
Of the many metal catalysts available, tin compounds are the most widely used.
The compounds act as Lewis acids and are generally thought to function by interacting
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with basic si.es .n the isocyana.e and polyol compounds. 15-17 ^ few complen^entat,
mechanisms for activated complex forntation can be envisaged. In the firs,, .he po.yol is
acfivated by forn„a.ton of a complex w.th
.he tin catalyst, as shown in Figure B.3. 2
L4Sn + R" OH L4Sn ••• o R
e
L4Sn • •• o R" + H
H
O
L4Sn....o R" + R' N=C=0 eL4Sn N C—O R"
R'
R" OH
O
e
L4Sn-.o R" + R' N—C—O R
H
Figure B.3. Catalytic mechanism of organotin catalyst (Activation of polyol)
L symbolizes a ligand substituent to the tin molecule. From the tin alcohol adduct, the tin
alkoxide can react with isocyanate to give a carbamate, which further reacts with
additional polyol to propagate the polymer and regenerate the catalytic species.
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The second meehanism (Figure B.4) involves activation of
.socyanate molecules. Polyol
attacks this complex a. the isocyanate carbon atom to again propagate the polymer and
regenerate the catalyst. ^2
L4Sn + R' N=C=0
H
O
L4Sn + 2R' N C—O R"
R'
N
@C
I
oe
L — — L
Sn
I
L
Qe
©c
N
R'
O R"
H
O R"
H
Figure B.4. Catalytic mechanism of organotin catalyst (Activation of isocyanate)
It is found experimentally that the combination of organometallic compounds and
amine catalysts acts synergistically, which yields higher reaction rates. The last
mechanism tends to give the interpretation. Tertiary amines are stronger Lewis bases
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Figure B.5. Synergic mechanism of organotin and amine catalysts
than isocyanatcs and alcohols, and their complcxation to metal compounds is expected.
This tin-aminc complex then accepts a polyol molecule to rurlher activate the complex
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and promote formation of a .in alkoxide. A leaving carboxyla.e group accepts the proton
and opens a position for insertion of an isocyanate group. Furtlter reaction of the
complex with additional polyol propagates the polymer and regenerates the catalytic
species
In conclusion, the production of flexible polyurethane foams rests on a delicate
balance in the timing of the two types of reactions. 18 The exothermic nature and the
temperature profile of the process will have a substantial impact on the reactivity of
various reactants and the sensitivity to catalyst variation, which will eventually affect the
final phase separated morphology. 19,20 Besides, any possible additives, surfactants and
fillers can alter the catalytic chemistry significantly.
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